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ABSTRACT 
 
Halogen-additives are cost effective flame retardants (FRs) that scavenge H• and 
OH• radicals in the gas phase, but are under significant scrutiny due to the toxic smoke 
they release and their potential to leach out into the environment and possibly bio 
accumulate. One fire retarding solution is using layer-by-layer (LbL) assembly, which is 
a simple, bottom-up processing technique, to create functional nanocoatings through 
sequential adsorption of materials with complementary functional groups for the purpose 
of inhibiting or suppressing the combustion cycle. Inspiration for first applying 
polymer/clay thin films (i.e., nanobrick walls) as flame retardant (FR) coatings to 
polyurethane foam via LbL came from the final stage of a proposed flame suppression 
mechanism in a melt-mixture of polymer and clay, which depicts a physical barrier 
created from the build-up of impermeable flakes and carbonized char. 
Intumescing nanobrick wall assemblies comprised of nitrogen and phosphorus-
containing polymers (mortar) and clay platelets (bricks) were deposited on flexible 
polyurethane foam using layer-by-layer assembly. Four trilayers of the poly(allylamine 
hydrochloride) (PAH)/poly(phosphate sodium salt) (PSP)/montmorillonite (MMT) 
nanobrick wall assembly (< 3 wt% coating addition) are necessary to cut the pkHRR of 
polyether-based polyurethane by 54.8%, relative to control, uncoated foam 
The influence of clay aspect ratio and composition on fire behavior of coated 
polyurethane foam was studied as a function of polymer/clay (montmorillonite or 
vermiculite (VMT)) layers deposited and nanocoating weight addition. A single bilayer 
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(BL) of polyethylenimine (PEI) and formulated-vermiculite clay, which adds only 3.2 
wt% to the foam, successfully prevented formation of a melt pool of burning polymer 
and reduced peak heat release rate and total smoke release by 54% and 31%, 
respectively. MMT-nanobrick walls require 4 BL to match the fire performance of single 
BL VMT-nanobrick walls. 
Aqueous coacervation was investigated as a single step process to deposit flame 
retardant nanocoatings on textiles quickly. Cotton soaked in environmentally-benign 
PSP/PEI complex for 1 min resulted in a 16.7% residue after vertical flame testing and a 
52.7% reduction in total heat release in comparison to uncoated cotton in micro 
combustion calorimetry. Nanocoatings produced from a 10 min immersion result in 
fabric capable of self-extinguishing during vertical flame testing. 
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CHAPTER I  
INTRODUCTION* 
 
1.1 Background 
Fire represents an exothermic chemical reaction that consumes all carbon-based 
materials and grows when supplied with a sufficient amount of heat and oxygen.1 The 
overwhelming presence of flammable polymeric materials in household, automotive, and 
insulation applications has necessitated the need for effective flame retarding treatments 
that are sustainable and cost-effective.2 Flexible polyurethane (PU) foams are porous, 
open-celled thermoplastic materials that tend to smolder, flow, and pyrolyze under fire 
conditions due to their insulating behavior, low thermal inertia, and open structure.3 The 
addition of flame retarding additives is a common technique used to reduce the fire risk 
of these materials, but has been criticized on both environmental and functional grounds. 
Halogen-additives are cost effective flame retardants (FRs) that scavenge H• and OH• 
radicals in the gas phase,4 but are under significant scrutiny due to the toxic smoke they 
release and their potential to leach out into the environment and possibly bio 
accumulate.5-7 
____________ 
*Parts of this chapter are reprinted with permission from Mateos, A. J.; Cain, A. A.; 
Grunlan, J. C., Large-Scale Continuous Immersion System for Layer-by-Layer 
Deposition of Flame Retardant and Conductive Nanocoatings on Fabric. Industrial & 
Engineering Chemistry Research 2014, 53, 6409-6416. © 2013 American Chemical 
Society, and from Cain, A. A.; Nolen, C. R.; Li, Y.-C.; Davis, R.; Grunlan, J. C., 
Phosphorous-filled Nanobrick Wall Multilayer Thin Film Eliminates Polyurethane Melt 
Dripping and Reduces Heat Release Associated with Fire. Polymer Degradation and 
Stability 2013, 98, 2645-2652. © 2013 Elsevier. 
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Toxicity and environmental impact concerns are driving the search for halogen- 
free flame retardants such as mineral fillers,8-12 silicon-containing compounds,13-15  
carbon nanotubes,15-18 and inorganic platelets.19-21 Polymer nanocomposites prepared 
with montmorillonite clay have gained significant attention due to several successful 
demonstrations of reductions in peak heat release rates (pkHRR) and elimination of 
thermoplastic melt-dripping.22-27 A proposed mechanism suggests that upon exposure to 
fire, mobile pyrolysis bubbles bring nanofiller to the surface to form a barrier that limits 
exchange of volatiles.28 This char structure, that acts as armor, is a condensed phase 
flame retardant that slows the rate at which mass transfers through physical action.29 
Flame retardant multilayer thin films can be fabricated via layer-by-layer (LbL) 
assembly on the surface of the substrate, precisely where the protective barrier is 
needed.30 LbL assembly is a simple, bottom-up processing technique used to create 
functional nanocoatings through sequential adsorption of materials with complementary 
functional groups.31 A schematic representation of the LbL deposition process is 
depicted in Figure 1.1, where steps 1 – 4 are repeated until the desired number of layers 
are deposited. A single bilayer (BL) refers to a pair of complementary layers (typically 
positively and negatively charged) deposited using the LbL technique, but the concept 
also extends to trilayers (TL) and quadlayers (QL).32-35 Thin film growth can be 
characterized by a variety of interactions (hydrogen bonding,36-38 hydrophobic 
interactions,39 etc.), but is typically driven by charge overcompensation on the surface of 
the last layer deposited.40-43 In addition to flame retardant coatings, these multilayer 
constructions have been engineered to demonstrate a breadth of properties including 
 3 
 
antireflection,44-45 electrical conductivity,46-48 hydrophobicity,49-51 and gas barrier.35, 52-53 
Diverse building blocks, such as titanium nanoparticles,54-55 clay nanoplatelets,56-58 
carbon nanotubes,59-60 proteins,61-62 and quantum dots,63-64 have been incorporated into 
these thin film assemblies in effort to tailor the strength, barrier behavior, optical, and 
electrical properties. 
 
 
Figure 1.1. Layer-by-layer deposition process used to prepare functional thin films from 
aqueous mixtures. Steps 1 – 4 are repeated until the desired number of layers are 
deposited on a substrate. 
 
 
 
1.2 Objective and Dissertation Outline 
Cotton fabric and polyurethane foam were chosen to be used as model substrates 
throughout this dissertation because of their common use (in home furnishing, 
automobiles, and apparel) and highly flammable nature. Flame retardant thin films 
comprised of polyelectrolytes, clay platelets, and carbon nanotubes, were fabricated 
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using layer-by-layer assembly and deposited on these complex, three dimensional 
substrates to interfere with the combustion cycle and impart anti-flammability. The 
objective of this research was to develop flame retardant nanocoatings and examine their 
effectiveness in creating a protective barrier that shields the substrate from heat (and 
direct contact with the flame), and reduces smoke release. The ultimate goal of this body 
of work was to create nanocoatings for both open-celled polyurethane foam and cotton 
fabric that are capable of extinguishing flames when each substrate was exposed to fire.  
Chapter II provides a brief overview of flame retardants. First, the combustion 
process of polymers and general flame retardant mechanisms are reviewed, followed by 
flame retardant strategies. The second part of this chapter reviews LbL assembly, with 
special emphasis on how this technique has been used to create unique flame retardant 
thin films. 
Chapter III examines the combination of two flame-retarding mechanisms that 
are paired into a single nanocoating system using layer-by-layer assembly. This unique 
trilayer thin film is composed of sodium montmorillonite (MMT), poly(allylamine 
hydrochloride) (PAH), and poly(phosphate sodium salt) (PSP). Growth and composition 
were characterized using ellipsometry and quartz crystal microbalance (QCM). Thin 
films were deposited onto flexible polyurethane (PU) foam, and the flammability of 
control and coated samples was evaluated with small scale torch burn testing and cone 
calorimetry (ASTM E-1354-07). 
Chapter IV investigates the effect of nanoplatelet aspect ratio and elemental 
composition on multilayer growth and structural composition with scanning electron 
 5 
 
microscopy (SEM), transmission electron microscopy (TEM), ellipsometry, and QCM. 
Polymer/clay nanobrick wall thin films are comprised of polymeric mortar and MMT or 
vermiculite (VMT) clay bricks. Fire behavior of coated flexible polyurethane foam was 
compared as a function of the number of layers deposited and as a function of weight 
addition to the foam. Flammability was assessed using cone calorimetry (ASTM E-
1354-07) and thermogravimetric analysis. 
Chapter V describes a novel aqueous polyelectrolyte coacervate that was 
investigated as a means to quickly deposit flame retardant nanocoatings on textiles in a 
single step. Fabric was soaked in an aqueous complex of PSP and branched 
polyethylenimine (PEI). The weak polyelectrolytes are drawn toward one another 
through ionic interaction, and coalesce into a network around individual cotton fibers. 
Flammability of fabric coated with different “OnePot” weight additions were evaluated 
using a vertical flame test and a micro combustion calorimeter (MCC). 
Chapter VI provides some conclusions and direction for future research. This 
dissertation investigates flame retardant nanocoatings that provide fire protection 
through condensed phase mechanisms. One exciting approach to reducing flammability 
of polyester-based fabrics would be to create an intumescing flame retardant coating 
using amine-functionalized cellulose nanofibers and PSP. Creating a thermally 
insulating barrier for polyurethane foam using pyrene-modified polymers and carbon 
nanotubes is one study that remains to be completed. These coatings also show promise 
for flame retardant and antistatic applications. The OnePot concept (chapter V) and Few 
Clay Layers approach (chapter IV) are two examples of effective flame retardant 
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systems that minimize processing steps and time necessary to deposit the nanocoating. 
Improving coating durability to withstand multiple wash cycles is another key topic of 
future work that is vital to commercialization. 
 
 
Figure 1.2. Schematic overview of coatings with flame retardant (left to right: VMT-
based nanobrick wall, intumescent mortar and MMT-based nanobrick wall, MWNT-
based, and intumescent systems) and antistatic (polydiallyldimethylammonium 
chloride/MWNT-based systems) properties.  
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CHAPTER II 
LITERATURE REVIEW* 
 
2.1 Polymer Combustion and Flame Retardant Fundamentals 
Polymers are natural and synthetic compounds of high molecular weight 
composed of smaller repeat units (mers) that are covalently bonded together.65 In a fire, 
physical and chemical changes degrade and break down polymeric materials into 
fragments and combustible species, which liberates stored energy and fuels the 
combustion process.66 Polymer degradation typically occurs through four mechanisms: 
(1) end-chain and (2) random chain scission (where monomer units are cleaved from 
chain ends or at random polymer backbone locations), (3) chain stripping (individual 
atoms or pendant groups are cleaved from the polymer chain), and (4) crosslinking 
(formation of bonds between polymer chains).67 Bonds with the lowest dissociation 
energies will be degraded first. Polymer chemical structure influences these kinetic 
processes and the resulting degradation products. For example, the presence of oxygen 
or double bonds in polymer backbones weakens thermal stability, whereas aromatic 
rings in polymer backbones and the presence of crosslinking tend to strengthen the  
____________ 
*Parts of this chapter are reprinted with permission from Cain, A. A.; Nolen, C. R.; Li, 
Y.-C.; Davis, R.; Grunlan, J. C., Phosphorous-filled Nanobrick Wall Multilayer Thin 
Film Eliminates Polyurethane Melt Dripping and Reduces Heat Release Associated with 
Fire. Polymer Degradation and Stability 2013, 98, 2645-2652. © 2013 Elsevier, and 
from Cain, A. A.; Murray, S.; Holder, K. M.; Nolen, C. R.; Grunlan, J. C., Intumescent 
Nanocoating Extinguishes Flame on Fabric Using Aqueous Polyelectrolyte Complex 
Deposited in Single Step. Macromolecular Materials and Engineering 2014,in press. © 
2014WILEY-VCH. 
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thermal stability of a given polymer.68 High temperature-resistant polymers typically  
exhibit decomposition temperatures > 400°C.69 
In addition to classifying materials by their chemical structure, synthetic 
polymers are often grouped into the following three basic categories: thermoplastic, 
thermoset, and elastomer.70 Elastomeric polymers are rubbery networks (with low glass 
transition temperatures and low crosslink densities) that are capable of undergoing large 
elastic deformations. Thermoplastics are moldable polymeric materials that soften and 
melt before decomposing. Thermosetting materials do not melt (crosslinks prevent 
movement of molecular chains) and undergo irreversible chemical changes when 
decomposing, evolving volatiles and yielding char. Thermogravimetric analysis (TGA), 
which measures changes in mass as a function of temperature (or time), has been paired 
with evolved gas analysis (such as FTIR and mass spectroscopy) to evaluate various 
polymeric decomposition pathways.71-72 Micro combustion calorimetry (MCC) and cone 
calorimetry tests assess heat release and flammability through oxygen-consumption 
calorimetry by exposing samples to heating rates that mimic fire type conditions.73 
Equations 1 – 7 show the Bolland and Gee reaction scheme for initiation (1), 
propagation (2 and 3), termination (4, 5, and 6), and chain branching mechanisms (7) 
that occurs to polyolefin polymers during thermal and photooxidation, where RO• 
represents oxygen- and carbon-centered radicals and R• represents polymer alkyl 
radicals:74 
RH + Heat → R• + •H             (1) 
 R• + O2 → RO2•              (2) 
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 RO2• +RH → ROOH + R•             (3) 
 R• + R• → R – R                (4) 
 RO2• + R• → ROOR                (5) 
 RO2• + RO2•→ Products              (6) 
ROOH → RO• + •OH             (7) 
Heat generated from flaming combustion breaks down polymer chain structures, 
releasing fuel into the gas phase that generates smoke.75 Degradation products that 
escape from the polymer surface and mix with an oxidative atmosphere will ignite if the 
temperature is sufficient. Degradation continues as heat is conducted and radiated back 
to the surface. Highly reactive H• and OH• radicals found at the flame front are critical 
driving forces for flame spread.74 When temperature rises sufficiently, condensed phase 
degradation occurs at the interface between the flame and the polymeric surface.76 Flame 
spread is also associated with heat of combustion. Figure 2.1 is a schematic 
representation of a combustion cycle that can be established if heat requirements are met  
in the vapor and/or condensed phases.77 
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Figure 2.1. Self-sustained polymer combustion cycle. Adapted with permission.78 
 
 
 
Rigid polyurethane, which is widely used in the building industry due to its heat 
insulating properties, and flexible polyurethane, commonly used in upholstered 
furniture, are highly flammable materials susceptible to fast flame-spread and high heat 
release. Urethane linkages have been observed to dissociate at temperatures as low as 
200 ̊C.79 Polyether and polyester units thermally degrade and regenerate isocyanate and 
diol precursor groups, respectively, indicated schematically in Figure 2.2.80 Aside from 
applying fabric coverings for fire protection, which can rip and expose underlying 
unprotected material, lower flammability polymers could be worked into formulations or 
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could be substituted in the market for typical commodity polymers like PU and cotton. 
Despite their promise, economics (cost and processing) tends to limit the use of high 
stability polymers.81 Another fire retarding solution consists of elements/substances that 
are applied to (or added to) the polymeric materials for the purpose of inhibiting or 
suppressing the combustion cycle by interfering with ignition, slowing burning, 
modifying decomposition and pyrolysis, or reducing evolved heat and/or flame spread.82 
These flame retardants (FRs) can be classified into the following three mechanism 
categories: (1) gas phase, (2) endothermic, or (3) char forming.81, 83 Whereas gas phase 
FRs interfere with the chain branching mechanism by scavenging free radicals,84 char 
forming systems mainly inhibit the combustion cycle in the condensed phase by creating 
a thermal barrier that slows release of gases and reduces mass transfer.85  Endothermic 
flame retardants interfere with combustion heat requirements in both gas and condensed 
phases by endothermically decomposing, yielding non-flammable gas that isolates the 
flame from its oxygen supply, and forming residue in the condensed phase.86 
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Figure 2.2. Schematic illustration thermal degradation of flexible polyurethane foam. 
Adapted with permission.79 
 
 
 
2.2 Flame Retardant Technology 
A myriad of flame retardants have been employed to suppress or inhibit the 
combustion process. Traditional flame retardants described in this overview include 
halogenated FR, phosphorous-containing FR, mineral fillers, and polymer 
nanocomposites. 
 
2.2.1 Halogen-based Flame Retardant  
As a polymer is undergoing thermal oxidative degradation, the consumption of 
atmospheric oxygen, the generation of highly reactive H• and OH• radicals (8), and the 
oxidation of CO to CO2 propagate chain branching reactions (9).  
H• + O2 → OH• + O                                      (8) 
HO• + CO → CO2 + H                    (9)  
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Halogenated compounds incorporate elements from the Group VII (in the periodic table) 
and have the ability to function as flame retardants in both the gas and condensed 
phases. Whereas the low bond strength for iodine compounds is not sufficient to endure 
typical environmental exposure, the high bond strength of fluorine compounds results in 
their unreactive character.87 Organobromine and organochloride compounds are most 
commonly used to increase thermal stability of polymers because the bond energies for 
these carbon-halogen bonds is within a temperature range in which the halogen can be 
released to combat the combustion free radical reaction.81 Upon the addition of heat, 
halogen (or halide) atoms are released and react with hydrogen atoms of the fuel to 
produce hydrogen halides (HX). By competing with and diluting the availability of H• 
(and OH•)  radicals necessary for chain branching during thermal oxidation, these flame 
retardants act as flame inhibitors (10).88  
H• + HX → H2 + X•               (10)  
The halogen radical can further interact with combustible gases to regenerate the 
hydrogen halide (HX) flame inhibitor.89 Elements such as zinc borate90 and antimony 
oxide91-92 have been paired with halogen compounds to increase flame retarding 
efficiency.81 Despite their ability to reduce polymers’ fire threat, the mechanism by 
which they inhibit radical propagation increases smoke and produces partially 
combusted polymer (CO), which increases toxic gas release.93-94 Several efforts have 
been made to develop and enhance performance of non-halogenated materials due to 
environmental persistence of halogen-containing FR.95 
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2.2.2 Phosphorous-based Flame Retardants  
Depending on their chemical structure and their interaction with polymer and/or 
added synergists, phosphorous-compounds can interfere in the combustion cycle in both 
vapor and condensed phases by either volatilizing into the gas phase (HPO2•, PO•, PO2•, 
and HPO•)96  (and scavenging H• and OH• radicals) or decomposing in the condensed 
phase (catalyzing char accumulation on the polymer surface).4, 97 Unlike halogenated 
flame retardants, phosphorous tends to be effective at high heat flux conditions, 
especially when paired with polymers that have high oxygen content.81 For instance, 
cellulose exothermically decomposes into smaller carbohydrate units like laevoglucosan 
and flammable volatiles when exposed to temperatures in the 280-320°C range (Figure 
2.3).98 Phosphorus-containing flame retardants can act in the condensed phase, breaking 
down into an acidic form (i.e., polyphosphoric acid), which phosphorylates hydroxyl 
groups on the polymeric surface, catalyzing char formation. This conversion of 
combustible materials into more thermally stable phosphorocarbonaceous residue not 
only means less of the original material is consumed by the combustion process, it also 
functions as a heat shield to the underlying portion of the substrate.99 This category of 
flame retardants generally tends to reduce the highly exothermic oxidation of CO to CO2 
(at the cost of increased smoke and soot production and CO vapor generation).100 
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Figure 2.3. Basic scheme illustrating the decomposition of cellulose. Adapted with 
permission.98 
 
 
 
Intumescence is a condensed phase flame retardant mechanism that involves the 
formation of a thermally insulating barrier layer along the polymer surface as the result 
of a foaming chemical reaction that reduces heat flow to a material.101  Many approaches 
involve pairing a phosphorous-based acid with a char forming polymer and a blowing 
agent,102 but several ingredients have been investigated.103-105 Traditionally, when heated 
beyond a critical temperature, the acidic species (e.g., ammonium polyphosphate) 
catalyzes char formation through esterification and dehydration of the carbon-rich source 
(e.g., pentaerythritol). As the blowing agent (e.g., melamine) decomposes, evolved gases 
form bubbles that expand phosphorocarbonaceous material into a swollen multicellular 
char.106 The described mechanism is depicted in Figure 2.4.81 Thick intumescent 
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coatings are commonly used to impart fire resistance to structural steel, which allows the 
metal to better maintain its load-bearing strength as temperature increases during a 
fire.101, 107-108  
 
 
Figure 2.4. Intumescent flame retardant chemical reactions. Adapted with permission.81 
 
 
 
2.2.3 Mineral Filler Flame Retardants  
Inorganic and inert filler is added to polymer matrices not only as a substitute for 
combustible material, but also to improve their behavior at high temperatures. Metal 
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hydroxides (aluminum tri-oxide (ATH) and magnesium di-hydroxide (MDH)), hydroxyl 
carbonates (magnesium and calcium), and zinc borates are common examples of this 
class of FRs that work through an endothermic cooling mechanism.81 As depicted in 
reactions 11 and 12, when the applied heat reaches a critical temperature, mineral fillers 
decompose, absorbing energy (which cools the condensed phase) and producing non-
flammable gases (i.e., water, carbon dioxide, hydrogen chloride, sulfur dioxide) which 
dilute combustible volatiles.4 Although mineral fillers are typically nontoxic, high 
loading levels (20-60 wt%) are necessary for this material to be an effective flame 
retardant.109 The window of performance can be tuned to fit the specific polymer matrix 
in regards to its processing temperature range and onset degradation temperature. For 
instance, ATH’s endothermic decomposition temperature falls between 180-200 ̊C, 
while the endothermic degradation of MDH occurs between 300-330 ̊C.85 Once all of 
2Al(OH)3 + Heat → Al2O3 + 3H2O (1050 kJ/kg)        (11) 
Mg(OH)2 + Heat → MgO + H2O (1300 kJ/kg)        (12) 
the nonflammable gases have been released, the filler becomes part of the solid phase. In 
some cases, char formation is promoted. In particular, when boron compounds such as 
2ZnO·3B2O3·3.5H20 are used in conjunction with oxygen-containing polymers, the 
inorganic material endothermically decomposes into boric acid and boron oxide. The 
former aids in dehydrating the polymer, while the latter produces a glassy, insulating 
layer.4 Mineral and inert fillers have also been incorporated as smoke suppressants.110-111 
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2.2.4 Polymer Nanocomposites 
Polymer nanocomposites are polymers that have fillers with at least one 
dimension on the order of nanometers dispersed within the matrix.112 In general, 
nanofillers are classified by their geometry: as zero-dimensional nanoparticles with 
diameters less than 100 nm (colloidal silica, carbon black, POSS), one-dimensional 
fibrous materials (carbon fiber, carbon nanotubes), or two-dimensional layered 
nanostructures with high aspect ratios, typically ranging from 30-1000 (MMT, VMT, 
graphene oxide).113 Figure 2.5 illustrates nanoparticles and their corresponding aspect 
ratios.  
 
 
Figure 2.5. Schematic of 0D (sphere), 1D (rod), and 2D (platelet) nanoparticles and their 
corresponding aspect ratios. Adapted with permission.23 
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Although one strong driving force for investigating nanofiller incorporation has 
been reinforcement to the polymer matrix,114-118 it is well known that the unique 
properties of nanoparticles can be combined to synergistically create interesting physical 
properties.119-120 The exhibited properties are associated with the final structure and 
composition of the nanocomposite, which is influenced by the processing technique.121 
Large research efforts have been devoted to the development of incorporating nanofiller 
in polymer matrices (e.g., exfoliation-adsorption, in situ intercalative polymerization, 
melt interaction, template synthesis).122-123 Transmission electron micrographs, and 
corresponding illustrations in Figure 2.6, demonstrate three morphologies observed 
when nanomaterials, such as nanoclays, are dispersed within the bulk phase.124 
Immiscible morphologies, where tactoids (stacks of silicate platelets) are incorporated in 
the matrix, produce micro (and macro) phase separation due to agglomeration.125 In 
addition to blending and thorough mixing, chemical modification and surface 
functionalization are often required to achieve complete dispersion and good particle 
exfoliation.126-127 Using these inclusion techniques often enhances particle-matrix 
interfacial adhesion, which tends to improve mechanical properties (e.g., impact 
strength, interlamellar shear strength, delamination resistance)128-130 and thermal 
behavior.131-132 
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Figure 2.6. Varying of different states of dispersion of organoclays in polymers with 
corresponding WAXS and TEM results. Adapted with permission.124 
 
 
 
The inclusion of nanofillers within a polymer matrix for the purpose of 
enhancing thermal stability and fire performance is an active area of research.133-134 
Polymer nanocomposites themselves are condensed phase flame retardants that form a 
physical barrier that insulates the interior of the specimen and slows mass transport of 
fuel into the gas phase.135 Camino et al. created a schematic representation to depict the 
formation of the protective barrier formed when polymer nanocomposites decompose 
and described the process as a labyrinth barrier effect (Figure 2.7).28 When an ethylene-
co-vinyl acetate (EVA)-organoclay composite is exposed to an external heating source 
 Immiscible Intercalated Exfoliated
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and is ignited, the dispersed nanoclay is brought to and oriented along the surface of the 
specimen through ablative reassembly. The result is the formation of a protective char-
silicate barrier.  
 
 
Figure 2.7. Schematic representation of combustion and ablative reassembly of a 
nanocomposite during burning. Reprinted with permission.28 
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Cone calorimetry is an excellent technique used to quantitatively assess fire 
performance (e.g., time to ignition, heat release rate (HRR), peak heat release rate 
(pkHRR), total mass loss, total heat release (THR)) through the use of oxygen 
consumption calorimetry.73 Samples are exposed to a heat flux (10-100 kW/m2) 
generated from an electric heater, and data is collected as a function of time. A decrease 
in the rate in which fuel is released corresponds to HRR. It is generally recognized that 
polymer nanocomposites significantly reduce pkHRR, but do not alter the sample’s 
overall heat release. The filler-rich barrier produced when the specimen is exposed to a 
critical temperature is able to delay mass loss such that the heat release remains low 
throughout the combustion process (i.e., reduced pkHRR). Formation of the physical 
barrier and its associated flammability properties are largely influenced by the 
concentration and dispersion of nanofiller.136-137 This concept is depicted in Figure 
2.8,137 where the scenario with lower nanotube content (a) forms discrete islands and the 
sample with higher nanotube content (b) generates a continuous protective layer. A 
discontinuous char layer, which could also be a result of poor nanofiller dispersion or 
agglomeration during combustion, yields inferior thermal protection. It has been 
suggested that the aspect ratio of the dispersed particles not only influences continuous 
network formation, but also could be a parameter used to tune the concentration 
necessary to form a networked char barrier.136 
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Figure 2.8. Schematic of the formation of islands (a) and of a network structured layer 
(b) in a carbon-nanotube-filled nanocomposite during burning. Light color represents a 
melt layer. Circles are bubbles. Adapted with permission.137 
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2.3 Layer-by-layer Assembly 
As mentioned in Chapter 1, layer-by-layer assembly is an extremely popular thin 
film deposition technique used to create multilayered, multifunctional nanocoatings 
(typically < 1 µm thick). Although multilayer build-up of oppositely charged colloidal 
particles was first reported by Iler in 1966,138 and layer-by-layer principles have been 
observed in the interim period, Decher, and collaborators established LbL as a versatile  
bottom-up processing technique in the 1990s.139-142 Unlike the Langmuir-Blodgett  
assembly, which also has been widely employed to create ultrathin films,143-145 layer-by-
layer assembly is an ultra-low-cost technique capable of incorporating a myriad of 
building block components. Build-up of nanoscale films was first proposed as a dip-
coating process where substrates are alternately exposed to oppositely charged solutions 
(see Figure 1.1). Figure 2.9 illustrates several methods of fabrication that have since 
been developed in an effort to enhance precision of deposited layers and decrease 
processing time (i.e., spraying146-149 and spin-coating150-151). Individual layer thicknesses, 
which range from < 1 to 100 nm, can be tuned with the component-type,43 the sequence 
of assembly,152 or with altering conditions of the deposition mixture (such as ionic 
strength,153-155 pH,156-159 temperature,160-162 counterion,163-164 and deposition time165). 
Nano- and microscale control during fabrication of organic-inorganic multilayers creates 
a freedom of design to engineer customized nano-systems for a range of applications. 
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Figure 2.9. Illustrations of (a) spin-coating LbL assembly and (b)spraying LbL 
assembly. Reprinted with permission.166 
 
 
 
Although layer-by-layer assembly has been used to created stratified multilayer 
architectures on flat two-dimensional substrates,167-172 the LbL technique is highly suited 
to engineer nanocoatings to liquid-accessible surfaces (i.e., non-planar materials such as 
particles,173-174 textiles,51, 175-178 and open-celled foam179). Considerable efforts have been 
made to impart multifunctional properties to base substrates and to create core-shell 
 (a)
(b)
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colloidal particles that could be used exclusively or as building blocks within a larger 
multilayer system.180-181 As shown in Figure 2.10, once the nanoparticle template is 
removed, the well-organized multilayer shell becomes a capsule that can deliver a 
payload.182 Crosslinked nanoporous polymer spheres of poly(acrylic acid) (PAA) and 
poly(allylamine hydrochloride) (PAH) were prepared on mesoporous silica particle 
templates, which were removed with dilute hydrofluoric acid.183 Wang et al. used TEM 
and SEM to demonstrate the spherical shape is retained (the structure does not collapse 
when the nanoparticle is dissolved) and to characterize morphology and porosity of the 
core-shell particles (Figure 2.11). Similarly, multilayers can be deposited via layer-by-
layer assembly onto templates (e.g., planar surfaces with cylindrical pores184-185) to 
fabricate nanotubes.186 Self-standing tubular structures can be obtained once the template 
is selectively removed. Tube diameter and length are controlled by the membrane’s pore 
dimension, while thickness and microstructure are variables controlled with 
experimental conditions and building constituents. Several investigations have focused 
on refining synthesized nanostructured materials for biomedical applications, such as 
drug delivery and gene therapy.187-195 Biopolymers have been incorporated into 
multilayer assemblies in an effort to compatibilize implants and often simultaneously act 
as site specific drug delivery systems with tuned release profiles.62, 196-199 
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Figure 2.10. Schematic of polyelectrolyte multilayers deposited on capsules, and the 
subsequent hollow shell obtained after the removal of the nanoparticle template. 
Adapted with permission.182 
 
 
 
 
Figure 2.11. SEM (a) and TEM (b) images of cross-linked polyelectrolyte nanoporous 
spheres (NPS). Insets are higher magnification images. Inset in (b) is a microtomed thin 
section of the NPS. Adapted with permission.200 
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In addition to controlled drug release, LbL assembly has been used to create 
stimuli-responsive multilayer assemblies that undergo property changes from single or 
multiple signals for numerous applications such as sensing,201-203 self-healing,204 self-
cleaning,205 and switching of wetting.206-207 A common strategy employed to create 
“smart coatings” is to incorporate non-covalent interactions within the assembly that can 
be stimulated through energetic or chemical changes. Rubner et al. showed that pH can 
be used to switch on sharp swelling and deswelling transitions of a thin film assembled 
from partially charged weak polyelectrolytes.208 Nanopore sizes of 20-40 nm within the 
thin film produced after films, are immersed in pH 1.8, expand two orders of magnitude 
in diameter when exposed to pH 2.4 (Figure 2.12). Other stimuli responsive polymer 
thin films undergo structural change when subjected to stimulation such as light, heat, 
mechanical force, and temperature.209 Lower critical solution temperature (LCST) 
polymers, such as poly(N-isopropylacrylamide) (PNIPAM), have been extensively used 
in biomedical applications to control cell adhesion to implant surfaces or trap and release 
small biomolecules.210-213 
 
 
Figure 2.12. SEM images demonstrate pH-responsive properties of porous PAA-PAH 
thin films. Adapted with permission.208 
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Due to the high level of structural control, layer-by-layer assembly has become a 
popular technique used to fabricate clay-filled polymer multilayers for applications that 
require controlled transport and segregation of molecules.214 The term ‘nanobrick wall’ 
was coined in 2010 for LbL-deposited polymer/clay nanocomposites because the 
microstructure was created through alternate adsorption of cationic polymeric mortar 
and highly oriented anionic clay platelets (i.e., nanobricks).215 When deposited on a 
polyester substrate (Figure 2.13), a 51 nm film generates the lowest oxygen permeability 
ever reported for a polymer/clay composite (≤5x10-22 cm3(STP)·cm/(cm2·s·Pa)).35 This 
barrier surpasses completely inorganic SiOx (a commonly used barrier layer for plastic 
packaging films) by two orders of magnitude. As modeled by Cussler,216 this layered 
structure creates a tortuous path through which gas molecules must travel. The diffusion 
path can be altered through precise tailoring of the thin film architecture (i.e., polymer 
mortar composition/thickness and clay spacing/packing/aspect ratio).152, 217-218 Aside 
from their obvious promise for packaging applications, these polymer/silicate LbL 
multilayers are also being investigated for their mechanical properties57, 219-221 and a 
variety of end-use applications such as diffusion barriers,222-223 sensors,224-225 drug 
delivery,187, 226-228 and fire protection.30, 229-231 
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Figure 2.13. TEM cross-section image of a five QL thin film deposited on polystyrene. 
The scale bar is 20 nm and the double arrow spans the film’s 80 nm thickness. Reprinted 
with permission.35 
 
 
 
2.3.1 Layer-by-layer Flame Retardant Thin Films 
Inspiration for applying these nanobrick walls as flame retardant (FR) coatings to 
polyurethane foam came from the final stage of a proposed flame suppression 
mechanism  in melt-mixed ethylene-vinyl acetate (EVA) polymer-MMT clay,28 which 
depicts a physical barrier created from the build-up of impermeable flakes and 
carbonized char. It is believed that ordered clay-polymer layers only on the surface can 
immediately act as a heat shield and interfere with the combustion cycle. This would 
simultaneously eliminate engineering concerns associated with silicate dispersion within 
the material that adversely affect mechanical behavior. Polymer-clay layer-by-layer 
assembled flame resistant coatings, which are capable of lowering the inherent 
flammability of cotton, were recently demonstrated as a novel alternative to 
conventional FR coating techniques.30, 232 Upon degradation, 20 bilayers (BL) of this 
nanobrick wall multilayer (approximately 4.4 wt% addition to the original weight of the 
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fabric), composed of polymeric mortar that binds the clay platelets (or bricks) within the 
assembly, formed a thermal shielding residue, shown in Figure 2.14. This protective 
shell was primarily composed of montmorillonite (MMT) clay, pyrolyzed branched 
polyethyleneimine (PEI) and dehydrated cellulose, which retained the weave structure of 
the coated cotton fabric after vertical flame testing. 
 
 
Figure 2.14. Images of uncoated and 20 BL-coated cotton fabrics following the vertical 
flame test. Adapted with permission.30 
 
 
 
Shortly after this passive polymer-clay nanocoating was evaluated for improved 
cotton flame suppression, other fire retarding ingredients and mechanisms were 
investigated with this same concept for multiple substrates.34, 58, 229, 231, 233-242 
Intumescing nanocoatings deposited on fabric via layer-by-layer (LbL) assembly have 
recently demonstrated this protective bubbling phenomenon on the microscale.234-235, 243 
 
Control
BPEI pH 10
MMT 0.2wt%
BPEI pH 7
MMT 0.2wt%
BPEI pH 10
MMT 1.0wt%
BPEI pH 7
MMT 1.0wt%
 32 
 
Drawing inspiration from traditional intumescing systems,244 these LbL-based flame 
retardant nanocoatings typically contain a carbon donor, an acid source, and a blowing 
agent. For example, 20 bilayers of polyallylamine/poly(phosphate sodium salt) 
(PAAm/PSP), deposited by alternately immersing the cotton fabric into oppositely 
charged solutions, resulted in a thin layer (~500 nm) that three dimensionally coats 
individual fibers and stops flame spread in a vertical flame test (Figure 2.15).234 This 
work represents one of the most effective layer-by-layer coatings, and has led to the 
successful application of intumescing recipes on other fabric types (ramie,243 
polyethylene terephthalate,236 polyethylene terephthalate-cotton blends,239 nylon,231 etc.). 
Numerous other LbL-applied flame retardant (non-intumescing) recipes, containing 
diverse building blocks, such as DNA245 and carbon nanotubes,16 have also shown good 
FR behavior by reducing the flammability of the base substrate (e.g., cotton fabric,30, 232-
233, 237, 240, 246-249  polylactic acid film,229 polyurethane foam,34, 58, 238, 241 polycarbonate 
film,246 etc.). 
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Figure 2.15. Images during vertical flame testing recorded at 5, 8, and 10 s. Reprinted 
with permission.234 
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CHAPTER III 
PHOSPHOROUS-FILLED NANOBRICK WALL MULTILAYER THIN FILM 
ELIMINATE POLYURETHANE MELT DRIPPING AND REDUCES HEAT 
RELEASE ASSOCIATED WITH FIRE* 
 
3.1 Introduction 
In this chapter, the mortar that binds MMT clay bricks into the nanocoating 
deposited on polyurethane foam is composed of two polymers, poly(allylamine 
hydrochloride) (PAH) and PSP, in an effort to improve the heat barrier produced with  
MMT clay and a single polymer.58 A PEI/MMT/poly(acrylic acid) trilayer system was 
previously shown to be an effective approach to rapidly deposit high clay-loaded 
nanocoatings on polyurethane, which reduced peak heat release rate, total heat release 
rate and total burning time.34 In general, these nanobrick wall assemblies protect 
underlying substrates via the condensed phase mechanism.250 Until a ceramic-like shell 
is constructed to break the pyrolysis cycle, polymeric mortar burns out between the 
platelets and refuels the fire. Using PSP/PAH as the mortar that binds MMT platelets 
should improve the thermally insulating physical barrier that forms when the heating 
source is applied. This concept is inspired by the intumescing all-polymer coatings used  
 
 
 
____________ 
*Reprinted with permission from Cain, A. A.; Murray, S.; Holder, K. M.; Nolen, C. R.; 
Grunlan, J. C., Phosphorous-filled Nanobrick Wall Multilayer Thin Film Eliminates 
Polyurethane Melt Dripping and Reduces Heat Release Associated with Fire. Polymer 
Degradation and Stability 2013, 98, 2645-2652. © 2013 Elsevier. 
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to arrest fire propagation on cotton fabric234-235 and the synergistic interaction between 
phosphorous molecules and MMT.229 
The PSP/PAH/MMT trilayer (TL) assembly produces a swollen protective shell 
structure around foam cell walls upon exposure to a butane torch. Unlike control 
polyurethane samples whose cellular structure combusts and flows into a flammable 
liquid, foam samples retain their shape, size and a large portion of pristine, unburned 
foam following this torch test. A 4 TL nanocoating, that is less than 20 nm thick and 
adds less than 3.0 wt% to open-celled polyurethane foam, reduces peak heat release rate 
(pkHRR) by more than a factor of two in a cone calorimeter test. This unique nanobrick 
wall coating system combines two common flame-retarding components (thermally 
shielding clay and phosphorous) into a single coating and offers an environmentally-
benign alternative to FR treatments that are currently being scrutinized by various 
governmental agencies worldwide. 
 
3.2 Experimental 
 
3.2.1 Materials 
Natural sodium montmorillonite (trade name Cloisite Na+) clay, provided by 
Southern Clay Products, Inc. (Gonzales, TX), was used as received. These layered 
silicates have an average aspect ratio of 200, a reported density of 2.86 g/cm3,251 an 
observed cationic exchange capacity of 0.926 meq/g,252 and a negative surface charge in 
aqueous solution. Cationic poly(allylamine hydrochloride) (molecular weight, M = 
 36 
 
120~200 kg/mol) was purchased from Polysciences, Inc. (Warrington, PA) and used as 
received. Poly(phosphate sodium salt) (also known as sodium hexametaphosphate; 
crystalline, +200 mesh, 96%), poly(acrylic acid) (PAA) solution (M = 100,000 g/mol, 35 
wt% in water), sodium hydroxide pellets (anhydrous) (reagent grade, ≥ 98%), and nitric 
acid (red, fuming, HNO3 > 90%) were purchased from Sigma-Aldrich (Milwaukee, WI). 
Polyethylene terephthalate (Melinex ST505 available at Tekra Corp., New Berlin, WI) 
film, with a thickness of 179 μm, was the substrate used for transmission electron 
microscopy imaging and oxygen transmission rate testing. Under dry conditions, this 
grade of PET film has an approximate OTR of 8.6 cc/(m2 · day · atm). Layers were 
incrementally deposited on 5 MHz gold-electrode quartz crystals (Maxtek, Inc., Cypress, 
CA) to obtain mass deposited per layer using a quartz crystal microbalance. P-doped, 
single side polished (1 0 0) silicon wafers (University Wafer, South Boston, MA), with a 
thickness of 500 μm, were used as substrates for ellipsometric thickness measurements. 
Polyether-based polyurethane foams with densities of 1.75 lbs/ft were purchased from 
Future Foam (High Point, NC). Foam type 1850A contained 18.6 wt% flame-retardant 
additives, while 1850 did not. 
 
3.2.2 Layer-by-Layer Deposition  
All aqueous solutions were prepared with 18.2 MΩ deionized water (Direct-Q 5 
Ultrapure Water System). Individual solutions containing 0.1 wt% PAH, 1.0 wt% PAH, 
1.0 wt% PAA, 2.0 wt% PSP or 1.0 wt% MMT were rolled overnight to allow for full 
dissolution. MMT was used at an unaltered pH of approximately 9.9. Prior to deposition, 
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1.0 wt% PAA was altered from its natural pH of ~2.7 to a pH of 2.0 using 2.0 M HNO3, 
while the pH of aqueous solutions of 0.1 wt% PAH (~3.5), 2.0 wt% PSP (~6.9), and 1.0 
wt% PAH (~3.5) were adjusted to a pH of 7.0 using 1.0 M NaOH. LbL assemblies were 
fabricated on a given substrate in ambient conditions through an alternating deposition 
process in which the substrate was dipped into three aqueous solutions in the order of 
(PSP/PAH/MMT)n, where n denotes the number trilayers deposited, as depicted in 
Figure 3.1. 
 
 
Figure 3.1. Schematic of the LbL deposition process and resulting nanobrick wall 
structure from the sequential adsorption of PSP, PAH, and MMT on flexible 
polyurethane foam. 
 
 
 
In all cases, this TL nanocoating was deposited  on a negatively-charged 
substrate, either due to an inherent negative charge or with surface manipulation by 
corona treatment (PET), plasma treatment (Ti/Al QCM crystal) or piranha solution 
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(silicon wafers). A negative charge was imparted on the PET surfaces with a BD-20C 
corona treater from Electro-Technic Products, Inc. (Chicago, IL). Prior to surface 
alteration, PET film substrates were cleaned with methanol and deionized water. QCM 
crystals were cleaned for 5 min in an enriched plasma environment with a Harrick 
Plasma treater (Ithaca, NY). Silicon wafers were cleaned for 30 min using bath 
sonication in a piranha solution,253 and subsequently rinsed in deionized water, acetone 
and water, and dried with filtered air prior to use. Caution! Piranha solution reacts 
violently with organic materials and should be handled with extreme caution. 
  A primer layer of 0.1 wt% PAH readily adheres to the inherent negative charge 
on flat two-dimensional substrates. Polyurethane substrates were soaked in 1.0 wt% 
PAA for 30 s prior to the 0.1 wt% PAH primer to induce a negative surface charge on 
the foam. In acidic conditions (pH 2), the carboxylic acid groups on PAA polymer 
chains, which remain predominately protonated, attach to the PU surface through 
hydrogen bonding and deposit in a coiled, globular manner. The deposition time for the 
primer PAH and the first dip into PSP was 5 min, while all subsequent depositions were 
for 1 min. The difference in deposition time is to diminish island growth, a common 
issue found in the initial layers of LbL coatings. Each deposition was preceded by the 
substrate being rinsed with deionized water and wrung out (flat, two-dimensional 
substrates were dried with filtered air) to remove excess polymer and/or platelets, which 
typically establishes charge reversal on the surface and low surface roughness. All 
substrates were stored in a dry box for a minimum of 18 h prior to testing. 
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3.2.3 Characterization of Film Growth and Properties 
Film thicknesses were measured using a Model alpha-SE Ellipsometer (J.A. 
Woollman Co., Inc., Lincoln, NE) with a 632.8 nm laser. Individual layers were 
deposited on Ti/Au crystals and the mass deposition was monitored using a QCM 
(Maxtexk Inc., Cypress, CA) in order to obtain the growth of individual layers within the 
thin film and to calculate total film density. Control and coated foams were exposed to 
the direct flame of a butane micro hand torch (Model ST2200, Benzomatic, Huntersville, 
NC) for 10 s (the approximate blue flame temperature is 2400 °F) to provide a visual 
demonstration of coating effectiveness. Cone calorimetry was performed at the National 
Institute of Standards and Technology (NIST), using a dual cone calorimeter at a heat 
flux of 35 kW/m2, with an exhaust flow of 24 L/s, operating under ASTM standardized 
procedures (ASTM E-1354-07). The standard uncertainty is 5% in HRR and 2 s in time. 
A 10 x 10 x 2.5 cm sample was placed in a pan constructed from aluminum foil. Oxygen 
transmission rate (OTR) testing was performed by MOCON (Minneapolis, MN), in 
accordance with ASTM D-3985, using an Oxtran 2/21ML instrument at 0% RH. Films 
deposited on PET for OTR testing were placed in an oven at 70 C̊ for 15 min 
immediately following deposition to remove excess moisture in the film. 
 
3.2.4 Microscopic Imaging 
A 10 TL thin film deposited on a 179 μm PET substrate was coated with a 
protective layer of carbon and embedded in an epoxy resin of similar hardness. The 
epoxy resin is a 2:1:1 mole ratio of Araldite 502* (modified bisphenol A resin), Quetol 
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651* (ethylene glycol diglycidyl ether), and dodecenyl succinic anhydride hardener*.  
0.25 mL of benxyldimethylamine accelerator* and 0.1 mL of Dow Corning Silane were 
added per 10 g of total epoxy weight. All “*” components were purchased from Electron 
Microscopy Sciences (Hatfield, PA). After curing overnight, thin gold sections were 
trimmed (< 100 nm) using a microtome and were picked up on Formvar-coated 150 
mesh nickel grids. Thin film cross-sections were imaged with a JEOL 1200 EX TEM 
(JEOL USA Inc., Peabody, MA) at an operating voltage of 100 kV and calibrated 
magnifications. Coated thin films, deposited on PU substrates, were mounted on 
aluminum imaging stubs and thinly sputter coated with 5 nm of platinum/palladium 
(Pt/Pd) alloy in preparation for surface images that were acquired with a field-emission 
scanning electron microscope (FESEM) (Model JSM-7500F, JEOL; Tokyo, Japan). 
Energy-dispersive x-ray spectroscopy (EDX) digital images and elemental spectra were 
acquired on the FESEM, and samples were not sputter coated with Pt/Pd. 
 
3.3 Results and Discussion 
 
3.3.1 Film Growth and Microstructure  
Figure 3.2 shows that sequential deposition of anionic poly(phosphate sodium 
salt), cationic poly(allylamine hydrochloride) and montmorillonite clay results in linear 
assembly growth. Deposition onto the substrates for these measurements was preceded  
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by a primer layer of cationic 0.1 wt% PAH to promote strong adhesion. The polymeric 
components of this trilayer system are similar to those that comprised the first 
intumescent all-polymer coating used to make anti-flammable cotton fabric.234 The 
polyelectrolyte pair, PSP/PAAm, initially grows exponentially until islands coalesce (at 
~10 BL) after which, linear growth is observed. PAH is the same water-soluble cationic 
polyelectrolyte, but it is in its salt form with chlorine counter ions. Both electrostatic 
attraction and hydrogen-bonding allow this trilayer assembly to grow, but it is notably 
thinner than the PSP/PAAm BL system because MMT interferes with polyelectrolyte 
build-up.34, 234 Linear growth of this trilayer sequence is independently confirmed by 
both quartz crystal microbalance (QCM) and ellipsometry (Figure 3.2). The overall 
weight and weight of individual layers measured with QCM provides thin film density 
and composition. This novel trilayer sequence generates a thin film with a density of 
1.82 g/cm3 that is composed of 7.5 wt% PSP, 5.4 wt% PAH and 87.1 wt% MMT. 
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Figure 3.2. Mass as a function of the number of trilayers deposited.  Individual layer 
mass is shown between 3 and 16 TL. The first layer deposited was PAH followed by 
sequential dips in PSP/PAH/MMT. The inset shows ellipsometric film thickness as a 
function of deposited TL. 
 
 
 
TEM images of carbon coated 10 TL assemblies highlight the nanobrick wall 
architecture of these 56 nm fire protection coatings, as shown in Figure 3.3. Due to the 
difference in electron density between this thin film (dark lines represent clay platelets 
and lighter areas between are polymeric pairs), the cross section is able to highlight the 
assembly’s unique ability to adsorb the largest dimension of the clay platelet parallel to 
the substrate. High clay loading and parallel plate adsorption are key parameters of this 
nanocoating’s ability to retain the original foam shape and size after direct exposure to 
the flame from a butane torch for 10 s. 
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Figure 3.3. Transmission electron micrographs of cross-sections of a 10 TL assembly of 
PSP/PAH/MMT at low magnification (a) and high magnification (b). 
 
 
 
3.3.2 Flame-retardant Behavior  
Fire retardant behavior was evaluated as a function of trilayers deposited on 
open-celled flexible ether-based polyurethane foam. All foam samples were thoroughly 
rinsed in deionized water, dried in a 70 ̊C oven and stored in a dry box prior to testing. 
Foams were weighed before and after coating to obtain weight addition from the 
nanocoating (reported as % add-on). The SEM images in Figure 3.4 reveal the complex, 
irregular architecture of control foams, which have a reported 50-70% open-celled 
structure. These micrographs also highlight the ability of the 10 TL coatings to 
conformally deposit onto polyurethane cell walls without altering the foam porosity. 
Imaged sections are cut from the center of coated foams. None of the coated foam 
contained FR additives in its inherent structure. 
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Figure 3.4. Scanning electron micrographs of uncoated polyurethane foam (a,b) and 
foam coated with 10 TL of PSP/PAH/MMT (c,d). 
 
 
 
Coated and control PU foam samples were placed on top of a metal grating 
inside a hood, approximately 25.4 cm above other flammable materials (e.g., strips of 
paper towels, cotton,   etc.), and ignited with a butane torch for 10 s. The flame of the 
torch was directed centrally and perpendicular to one of the sidewalls of the foam. 
Uncoated foams, with and without FR, withered away from the torch flame and melted 
instantly. Drips of melted polymer fell below the grating, forming a melted pool of 
ignitable material (flammable articles underneath ignited in some tests). Control foam 
with FR additives self-extinguished when the flame from the butane torch was removed. 
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All coated foams prevented melt dripping by forming a thin black and gray protective 
shell that shielded the underlying foam. Similar color variations have been observed in 
intumescing systems and are visual evidence of a heat gradient across the PU surface.254 
All coated foams retained their original shape after flame exposure, but displayed 
a scorched area between pristine and charred foam, as shown in Figure 3.5. These yellow 
areas of discoloration are believed to be a consequence of both oxidative and thermal 
decomposition of the flexible foam.80 Higher magnification reveals the effects of the 
thermal gradient on the PU foam samples. The protective armor is swollen and appears 
to have burst open in some areas (note the circled portion in the high magnification 
image of Figure 3.5), while white foam underneath the scorched area appears to have 
been unaffected. Individual clay platelets can easily be distinguished by their aspect ratio 
and grainy appearance. Energy-dispersive X-ray spectroscopy measurements (EDX) 
identified elemental phosphorous in the post-burn residue of 10 TL coated samples, as 
shown in Figure 3.6d. Phosphorous was not detected in control PU samples (Figure 
3.6b), which indicates PSP was deposited in the coating and phosphorous acted in the 
condensed.81 Coated polyurethane foam (post-burn) displayed additional peaks of 
sodium, aluminum and silica (representing MMT), and phosphorous (representing PSP), 
as shown in Figure 3.6d. Lower elemental identification peaks of phosphorous and 
platinum overlap, so sections of control and burned 10 TL coated foams were evaluated 
without the 5 nm conductive platinum/palladium sputter coating. 
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Figure 3.5. SEM micrographs highlight black/gray residue (black box), scorched 
(yellow box) and unburned/pristine (grey box) areas of foam coated with 10 TL of 
PSP/PAH/MMT following 10 s of direct exposure to the flame from a butane torch. 
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Figure 3.6. SEM images of control foam (a) and black/gray residue of 10 TL coated 
foam (c) with corresponding EDX elemental spectra (b and d, respectively). 
 
 
 
Control and coated foam samples were also tested with standard cone calorimetry 
(ASTM E-1354-07) in an effort to quantitatively assess the thermal barrier properties of 
this nanobrick wall thin film.255  4, 6, 8, and 10 TL nanocoatings were evaluated and 
compared to control foams, with and without commercial FR additives, which contain a 
synergistic blend of solid and liquid FR (18.6 wt% of the foam). Cone calorimetry tests 
expose a horizontally oriented 100 cm-square specimen (2.5 cm thick) to a constant 
external heat flux of 35 kW/m2. Heat release rate, which is a measure of a material’s 
flammability,256 is plotted as a function of time in effort to directly compare and 
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characterize the effect of the coatings on the foam. For clarity, data for 6 and 8 TL 
coated foams were not included in Figure 3.7. 
 
 
Figure 3.7. Heat release rate as a function of time (during cone calorimeter testing) for 
uncoated control foam with and without FR additives, and 4 and 10 TL coated foam 
without inherent FR additives. 
 
 
 
After the control foam is ignited, heat quickly transfers and matures into a fully 
developed fire, which causes the foam matrix to collapse into a polymeric liquid. Heat 
release rate values are indicative of both isocyanate/polyol composition and the highly 
flammable nature of the components. After the rapid rise up to the second larger heat 
release peak for the control foam, decay of the curve swiftly ensues due to the material’s 
quick transition into combustible volatiles. Coated foams generate a higher initial HRR 
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than both control foams due to the presence of polymer within the nanobrick wall. This 
increase in HR may also be a result of the high clay loading. It has been suggested that 
catalytic sites on MMT initially promote combustion until a protective shell is formed .28 
It is beneficial for the coating’s degradation temperature to be below the PU substrate to 
create the insulating barrier. Minimizing the contribution of polyurethane to combustion 
will reduce the fire threat. Thermal shielding increases with additional coating layers. It 
should be noted that all coated foams exhibit reduced pkHRR of at least 54%, retain 
their shape, and do not exhibit the traditional two-step polyurethane decomposition 
behavior.257 Whereas 4 TL are able to significantly diminish the second pkHRR, 10 TL 
coatings completely eliminate the peak and largely extend the time it takes for complete 
combustion to occur. Table 3.1 shows 10 TL coatings reduce both the pkHRR and avg 
HRR more than 62%, whereas the control foam with flame retardant additives only 
reduces the pkHRR and avg HRR by 6.5% and 10.9%, respectively. There is no 
statistical significance in the decrease of total heat evolved (i.e., area under the HR 
curve) for both additive and nanocoating FR systems. 
 
Table 3.1. Cone calorimeter results for polyurethane foam samples.a 
 
 Sample Weight Gain 
[%]
pkHRR 
[kW/m2]
avg HRR 
[kW/m2]
Total HR 
[MJ/m2]
Eff Hc
[MJ/kg]
Mass Loss 
[%]
control 679 301 19.6 28.1 95.3
FR foam 634 268 17.2 23.5 96.6
4TL 2.86 307 171 18.0 27.5 88.0
6TL 4.99 298 140 17.7 27.6 85.8
8TL 6.45 263 142 17.0 25.6 88.8
10TL 9.78 255 112 17.3 27.1 82.8
aHRR = heat release rate; pkHRR = peak heat release rate; Eff Hc = effective heat of combustion.
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All foams were exposed to a constant external heat flux throughout the duration 
of cone calorimetry testing, which simulates a scenario in which a material’s 
flammability can be evaluated based on radiant ignition. The resulting HRR data 
suggests that the flame retarding mechanisms of commercial FR additives and the 
trilayer nanocoating differ tremendously. The PU control foam with 18.6 wt% additive 
(an apparent blend of liquid brominated FR and unidentified solid FR) appears to operate 
predominately in the gas-phase. Flame inhibition in the gas-phase, in which halogen (or 
hydrogen halide) atoms interrupt chain branching by consuming free radicals,89 can be 
indicated with a reduction of effective heat of combustion (Eff Hc), which is a 
measurement that only reflects the heat of combustion of the volatiles.258 Though rarely 
demonstrated experimentally, several theories suggest that a physical effect of halogen-
FRs can yield a reduced HRR.259-260 Although both approaches complement each other, 
the 19.8% decrease in Eff Hc shown in the cone calorimetry data only provides evidence 
for radical trap theory. As previously noted, the additive-containing control foam did not 
effectively decrease pk- or avg HRR. Although halogen compounds affect the matrix 
material’s propensity to ignite by inhibiting combustion of free radicals and diluting 
combustible products, their effectiveness depends on concentration and thermal 
stability.81, 261 As shown in Figure 3.7, once the flame-retarding compounds are 
consumed, the heat release rate of commercial FR-containing foam is similar to that of 
the control thermoset foam without additives.  
Layered-silicate polymer nanocomposites, on the other hand, traditionally create 
a physical barrier of inorganic and carbonaceous material that separates the heat source 
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from the object to be protected.262 This trilayer nanocoating is a uniquely layered system 
that pairs thermally shielding MMT clay platelets with a salt that contains an average of 
6 P atoms per oligomeric ring (the latter component can operate in multiple phases due 
to synergistic effects).263 Motivation for this particular formula stems from the notion of 
engineering the polymeric mortar to actively participate in reducing polyurethane’s fire 
hazard rather than simply binding clay bricks within the assembly. PSP/PAH polymeric 
mortar is analogous to the intumescing polyelectrolyte pair used to create the 
intumescent 20 BL coating of PAAm and PSP that extinguished the flame on cotton 
fabric during vertical flame testing.234 PAH is used in place of PAAm in the present 
trilayer. It is reasonable to suppose that the nanobrick wall assembly on polyurethane 
cell walls transforms into a thermal shield upon the addition of heat. PSP acts as an acid 
source which breaks PAH down into smaller compounds. The amine groups degrade and 
form nitrogen gas that could serve as blowing agents to swell the P/MMT-based barrier. 
Due to the high loading of clay within the nanobrick wall assembly (> 87 wt%), it is 
likely that small gaseous bubbles become trapped within the barrier layers rather than 
migrating through the clay to the surface and coalescing to produce the larger bubbles 
often observed in intumescent char.102, 234-235 
Butane torch and cone calorimetry burn scenarios differ greatly and thus yield 
different residue. Unlike torch testing, where PU foams are placed in direct contact with 
a butane torch for 10 s, cone calorimeter samples are horizontally situated under a cone 
heater ignited by a spark igniter) and irradiated at a desired heat flux.264 Dehydration of 
the PU walls in combination with degradation of the polymeric components produces 
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gases in between the clay platelets that cause the coating to slightly swell when exposed 
to the butane torch (Figure 3.4). SEM micrographs of 4 and 10 TL coated foams 
following cone testing (Figure 3.8) reveal agglomerations scattered randomly over the 
cross-sections of P/MMT-based residues (composition is confirmed with an elemental 
analysis scan (see Figure 3.9). Elemental analysis reveals peaks of C, O, P, Si and Al 
across the surface (N peaks are present in most elemental spectra for both sample types; 
see Figure 3.6).  It should be noted that some areas of the imaged cone calorimetry 
residue were not as densely populated with P/O agglomerations. In both scenarios, this 
protective barrier slows down PU pyrolysis and reduces evolution of mass into the gas-
phase that would otherwise feed the fire.103 Simultaneously, thermal penetration of heat 
is also diminished. Progressively diminished pkHRRs with increasing TL demonstrates 
this behavior for coated foam. The decrease in external heat flux and impedance of 
polymer pyrolysis during cone calorimetry testing suggests these protective layers could 
potentially reduce the production and escape of toxic, volatile gases.250, 262 
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Figure 3.8. SEM micrographs of cross-sections of 4 TL (a) and 10 TL (b) coated foams 
post cone calorimetry testing. Note, lighter spots scattered across micrograph are P/O 
agglomerations. 
 
 
 
 
Figure 3.9. Individual elemental spectra peaks of oxygen, carbon, silicon, aluminum, 
and phosphorous are mapped across a portion of the 4 TL char obtained following cone 
calorimetry testing. 
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Cone calorimetry evaluates the flammability of a material by measuring oxygen 
consumption, which relates heat generated by combustion to the amount of oxygen 
present to facilitate it.73, 261, 265 These nanobrick wall assemblies were deposited onto 179 
μm PET film and then oxygen transmission rate (OTR) was tested at 23°C and 0% RH.  
By simply adding 10 TL, OTR decreases by one order of magnitude (see Supplemental 
Information for OTR of bare, 10 and 16 TL coated PET film). Unlike the coating formed 
on flat PET films, trilayer coatings three-dimensionally coat foam substrates by 
conformally covering the polyurethane cell walls. Oxygen is still able to flow through 
the porous structure post-deposition, but the architecture of the nanobrick wall restricts 
oxygen penetration to the underlying polyurethane by trapping molecules within the 
tortuous polymer-clay path. Once heat is applied and the nanobrick wall coating 
transforms into the protective shield, it is unclear if the tortuous path remains and/or 
contributes to the nanocoatings’ flame retardant behavior.  
A recent evaluation of the growth mechanism of (PAH/PSP)n BL assemblies 
provides some insight into the structure of these thin films.266 It was suggested that 
islands formed during initial layers of film growth do not coalesce, even after 150 
deposition steps, due to the dramatic difference in size of the polyelectrolytes. By adding 
clay into this deposition sequence, films form the conventional nanobrick wall structure, 
as shown in Figure 3.2. Clay bricks and polymeric mortar create the typical tortuous path 
demonstrated in previously reported LbL fabricated polymer-clay barrier layers.35, 58, 215 
Any differences in barrier are believed to be due to alternations in clay spacing and 
mortar chemistry. 
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3.4 Conclusions 
Upon exposure to fire (or other forms of extreme heat), polyurethane 
decomposes into polyol and isocyanate components, which form highly flammable melt-
pools and release volatile, toxic gases.80 Typical layered-silicate polymer 
nanocomposites combat fire in the condensed phase,250 where the MMT platelets 
strengthen the fire blocking residue and provide a shield heat.262, 267 In prior work, 10 BL 
CH/MMT assemblies on polyester-based PU were able to reduce pkHRR by 52.4% with 
only 4 wt% coating addition.58 Thermal shielding afforded by these ~30 nm thick films 
was solely provided by the presence of the inorganic clay platelets. This study 
demonstrates that it only takes 4 TL of the PSP/PAH/MMT nanobrick wall assembly (< 
3 wt% coating addition) to cut the pkHRR of polyether-based PU by 54.8%. TL coatings 
(< 20 nm thick) provide comparable reduction in pkHRR with fewer total layers, 
suggesting synergistic interaction between components in the coating. The difference in 
performance is significant and points to the need for further investigation of these 
coatings on the same type of foam. It will be important to test the effectiveness of the 
nanocoating by further assessing the optical clarity and composition of any produced 
smoke (the cone calorimetry apparatus used here did not have this capability). Most thin 
films prepared via layer-by-layer assembly use an even number of deposited layers, 
which adds to the uniqueness of the present three-component nanocoating. This trilayer 
deposition sequence allows the polymeric component to play a more active role in the 
FR behavior of the traditional nanobrick wall architecture. There is now additional 
ability to tailor the properties of this new class of environmentally-benign FR treatment. 
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These thin, water-based nanocoatings proved a tremendous opportunity to protect the 
complex substrates found in upholstered furniture, clothing and the transportation 
industry. 
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CHAPTER IV 
IRON-CONTAINING, HIGH ASPECT RATIO CLAY AS NANOARMOR THAT 
IMPARTS SUBSTANTIAL THERMAL/FLAME PROTECTION TO 
POLYURETHANE WITH A SINGLE ELECTROSTATICALLY-DEPOSITED 
BILAYER* 
 
4.1 Introduction 
Nanobrick wall coatings have recently been developed to thwart the two key 
problems of polyurethane foam exposed to a heating source:32, 34, 58, 179 melt dripping and 
heat release.268 In one case, a nine-layer system (three trilayers of PAA/PEI/MMT), 
resulted in a 4.8 wt% nanocoating on foam, reduced peak heat release rate (pkHRR) by 
70%.33 This system is a condensed phase flame retardant, which means the pyrolysis 
process and mass loss rate are slowed through the formation of carbonaceous-silicate 
char. Despite their promise, the numerous layers required to impart sufficient flame 
retardant behavior is daunting for practical use.  
In an effort to create a flame retardant nanocoating for polyurethane foam with 
relatively few layers, montmorillonite (MMT) clay and vermiculite (VMT) clay were 
chosen as building blocks for nanobrick wall assemblies. The influence of clay aspect  
____________ 
*Cain, A. A.; Plummer, M. G. B.; Murray, S. E.; Bolling, L.; Regev, O.; Grunlan, J. C., 
Iron-containing, High Aspect Ratio Clay as Nanoarmor that Imparts Substantial 
Thermal/Flame Protection to Polyurethane with a Single Electrostatically-deposited 
Bilayer. Journal of Materials Chemistry A 2014, in review. – Reproduced by permission 
of The Royal Society of Chemistry. 
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ratio and composition on fire behavior was studied as a function of layers deposited and 
nanocoating weight addition. It was found that a single PEI/VMT bilayer (BL) can 
achieve a 54% reduction in pkHRR and a 31% reduction in total smoke release (TSR), in 
comparison to uncoated polyurethane foam. Adding a second bilayer further reduces 
pkHRR and cuts in half the amount of smoke released. Four nanobrick wall bilayers 
made with standard MMT clay are needed to match the weight gain and performance of 
a single vermiculite-based bilayer, which is attributed to complex interfacial interactions 
that occur between the components during thin film construction and to insulating 
properties of the phosphorous-formulated VMT platelets during combustion. Although 
vermiculite has been previously used in bulk polymer matrices, or layered into nanobrick 
walls to reduce gas permeation,21, 269-272 this is the first report of VMT being used in LbL 
multilayer thin films for anti-flammable purposes. This ability to cut peak heat release 
rate in half with a single bilayer (just 3.2 wt% added to the foam), using 
environmentally-benign ingredients, is a tremendous breakthrough. It is likely that this 
nanocoating technology could be used to protect many household items (e.g., 
upholstered furniture) in a safe, cost-effective manner. 
 
4.2 Experimental 
 
4.2.1 Materials  
Poly(acrylic acid) (PAA, M = 100 kg/mol, 35 wt% in water) and branched 
polyethylenimine (PEI, M = 25 kg/mol) were purchased from Sigma-Aldrich 
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(Milwaukee, WI), while chitosan (CH, M = 60 kg/mol, deacelylation 95%) was 
purchased from G.T.C. Union Group Ltd. (Qingdao, China). Sodium montmorillonite 
clay (MMT, trade name Cloisite Na+) was provided by Southern Clay Products, Inc. 
(Gonzales, TX) and formulated vermiculite HTS-SE (VMT, 15-16 wt% in water) was 
purchased from Specialty Vermiculite (Cambridge, MA).  This type of VMT has 60% of 
particles ≤20 µm (≤25% particles are larger than 45 µm). Aqueous solutions of 1 wt% 
PAA, 0.1 wt% PEI, 0.1 wt% CH, 1.0 wt% MMT, and 1.0 wt% VMT were prepared 
using deionized (DI) water and rolled for 12 h. Prior to deposition, the pH of each PAA 
and PEI solution was altered to 2 (using 2 M HNO3) and 10 (using 1 M HCl), 
respectively. CH was solubilized in acidic deionized water (pH 1.5), and then the pH of 
the cationic solution was raised to 6 prior to deposition (using 1M NaOH). Both MMT 
and VMT clay suspensions were used at their natural pH (9.7 and 7.8, respectively). 
 
4.2.2 Substrates 
P-doped, single side polished (1 0 0) silicon wafers (University Wafer, South 
Boston, MA), with a thickness of 500 mm, were used as substrates for ellipsometric 
thickness measurements. Layers were incrementally deposited on 5 MHz gold-electrode 
quartz crystals (Maxtek, Inc., Cypress, CA) to obtain mass deposited per layer using a 
quartz crystal microbalance. Polyether-based polyurethane foams with densities of 1.75 
lbs/ft were purchased from Future Foam (type 1850, High Point, NC). 
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4.2.3 Layer-by-layer Deposition 
Fabrication of the multilayer FR nanocoatings on two-dimensional substrates 
(silicon wafers and Au/Ti crystals) for thin film characterization was carried out using a 
home-built dipping system, where flat, 2D substrates were immersed in solutions for 
reported times and rinsed with deionized water (blade rinsing) and dried with filtered 
air.273 Fabrication of the multilayer thin films for 3D substrates was carried out by fully 
compressing foam in solutions three times with a thin sheet of acrylic in an effort to 
achieve a more uniform compression across the surface. Excess solution (or rinse water) 
was removed from the foam with hand crank wringers. This coating technique 
significantly improved the consistency in weight addition of the nanocoating (relative to 
squeezing foam by hand). Polyurethane was first submerged in PAA for 30 sec to 
enhance the adhesion between the foam surface and the nanocoating. In these acidic 
conditions (i.e., PAA at pH 2), carboxylic acid groups on the polyion hydrogen bond 
with the polyurethane surface. Treated substrates were then dipped in the PEI solution 
for 5 min, rinsed in deionized water and wrung out. When the PAA-coated surface was 
exposed to pH 10 solution, the charge density of the weak polyelectrolyte increased and 
caused PAA chains to attract PEI to the surface via hydrogen bonding (and possibly 
electrostatic attraction). This deposition procedure was followed by an identical dipping, 
rinsing and wringing dry for the clay suspension. If subsequent polymer/clay layers were 
deposited, the same coating procedure was followed with 1-min CH/clay dip times, until 
the desired number of layers was deposited, as shown in Figure 4.1. Foam samples were 
dried in an oven at 70 °C for 3 h immediately following deposition. 
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Figure 4.1. Schematic of the coated foam (inset: SEM image of 4 BL MMT-based 
nanobrick wall on polyurethane). b) Chemical structures in the nanobrick wall after 
depositing the primer, clay, and chitosan. 
 
 
 
4.2.4 Thin Film Characterization 
An alpha-SE Ellipsometer (J.A. Woollman Co., Inc., Lincoln, NE) with a 632.8 
nm laser was used to measure film thicknesses on polished silicon wafers. A Maxtek 
Research Quartz Crystal Microbalance (QCM, Cypress, CA) was used to monitor mass 
deposition of individual layers deposited on Ti/Au crystals in order to calculate total film 
density. Small slices taken from single bilayer coated foam (PEI/MMT and PEI/VMT) 
were embedded in Epofix (EMS, Hatfield, PA) and left to cure overnight at room 
temperature. Thin gold sections were trimmed (< 90 nm) using a microtome and were 
picked up on lacey Formvar-coated 300 mesh copper grids. Thin film cross-sections 
were imaged with a Tecnai G2 F-20 TEM (FEI, Hillsboro, OR) at an operating voltage 
of 200 kV and calibrated magnifications. Coated thin films, deposited on PU substrates, 
were mounted on aluminum imaging stubs and thinly sputter coated with 5 nm of 
platinum/palladium (Pt/Pd) alloy in preparation for surface images that were acquired 
  
20 μm
(a) (b)
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with a field-emission scanning electron microscope (FESEM) (Model JSM-7500F, 
JEOL; Tokyo, Japan). Energy-dispersive X-ray spectroscopy (EDX) samples were not 
sputter coated with Pt/Pd (elemental spectra in Figure S3 were acquired on the FESEM). 
 
4.2.5 Thermal Stability, Flammability, and Combustibility of Foam 
Fire behavior of the nanocoating was qualitatively screened with the direct flame 
of a butane micro hand torch (MT-76K, Master Appliance Corp., Racine, WI) for 10 s 
(the approximate blue flame temperature is 2500 °F). A Q50 Thermogravimetric 
Analyzer (TA Instruments, New Castle, DE) was used to measure the thermal stability of 
control and coated polyurethane foam. Each sample was approximately 10 mg and was 
tested in an air atmosphere from room temperature up to 640 °C, with a heating rate of 
10 °C/min. Cone calorimetry was operated according to standardized procedures (ASTM 
E-1354-11) at the University of Dayton Research Institute using a FTT Dual Cone 
Calorimeter (exhaust flow of 24 L/s). Samples (10 x 10 x 2.5 cm) were placed in a 
pan constructed from aluminum foil and exposed to at a heat flux of 35 kW/m2, with 
an uncertainty of 5% in HRR and 2 s in time. 
 
4.3 Results and Discussion 
 
4.3.1 Film Growth on 2D and 3D Surfaces and Thin Film Microstructure 
Chitosan (CH)/clay bilayers were initially deposited on silicon wafers, using 
branched polyethylenimine as the initial layer to improve adhesion, to measure thickness 
 63 
 
as a function of bilayers, as shown in Figure 4.2. Films grew linearly as a function of the 
number of layers deposited for both clay systems, with VMT having a greater growth 
rate (~6.2 nm/2 BL) than MMT (~ 2.8 nm/2 BL). Not only do these thicknesses suggest 
deposited clay nanoplatelets are oriented parallel to the substrate, the data implies that 
clays adsorbed to the surface are well exfoliated (platelets are ~1 nm thick), which has 
previously been observed.274 The same linear growth was observed when a quartz crystal 
microbalance was used to measure growth as a function of weight deposited, with VMT-
based recipes generating heavier layers. VMT-based films also have higher clay loading 
(87 wt%), which results in a more dense thin film (MMT-based thin films are composed 
of 78 wt% clay).  
 
 
Figure 4.2. a) Film thickness and b) mass as a function of bilayers deposited for 
polymer/clay assemblies. Ellipsometry was used to measure thickness, while QCM 
measured mass. 
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Coating three-dimensional, porous polyurethane required submersion into a 
poly(acrylic acid) (PAA) solution, whose pH was adjusted to 2 with nitric acid. This 
deposition step functions as a primer treatment that promotes nanocoating adhesion to 
the otherwise hydrophobic foam. It is believed that dissociated nitric acid ions increase 
the charge density of the PU. The carboxylic acid pendant groups present on PAA have 
the ability to hydrogen-bond through partial charge attraction with other polar groups on 
polyurethane. One and two bilayers of both clay-based recipes were then deposited on 
the foam, with PEI substituting for CH in the first cationic polyelectrolyte deposition. 
The MMT-based system was also evaluated at 4 BL to match the weight gain of 1 BL of 
the VMT-based system. Figure 4.3 shows SEM micrographs of the surface of uncoated 
foam, foam coated with a single layer of PEI, a single PEI/VMT BL, a single PEI/MMT 
BL, and 4 MMT-based BL. Uncoated polyurethane has a smooth surface (Figure 4.3a), 
while several cracks can be seen in the PAA/PEI-primed foam (Figure 4.3b) due to the 
glassy nature of this polyelectrolyte film.217 The single polymer/clay bilayer coatings 
reveal excellent clay coverage over the PU surface. Aspect ratios of the observed 
clusters are much larger than the reported aspect ratios for both VMT (1100) and MMT 
(200),251, 274 providing good evidence of aggregated clay platelets adhering well to the 
porous foam surface. Individual MMT platelets are not distinguishable in the 4 BL 
MMT-based coating systems (Figure 4.3e). 
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Figure 4.3. SEM images of a) control foam, foam coated with b) a single layer of PEI, c) 
a single PEI/VMT, d) a single PEI/MMT, and e) 4 BL MMT-based coating. 
 
 
 
Figure 4.4 shows SEM images of freeze-fractured samples that highlight the 
complex, irregular polyurethane matrix fully coated with both clay-based recipes at 1 BL 
and confirm the presence of clay aggregates within the coating. Figures 3c and 3f show 
high magnification TEM cross-sectional micrographs of these same single bilayer 
coatings deposited on the flexible foam. The source of contrast in these TEM 
micrographs is electron density, where materials with higher electron density (clay) 
appear darker than lower electron dense materials (polymer). The image of the ordered 
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layers also highlights that the largest dimension of the clay deposits parallel to the 
surface. As shown in Figure 3c, several vermiculite platelets are deposited after a single 
deposition in the aqueous clay suspension, suggesting VMT clay is only partially 
exfoliated in solution and that stacks of clay deposit in the thin film. The same trend 
holds for the MMT-based recipe in Figures 4.4d, e, and f. Figure 4.4 also shows that the 
nanocoatings deposit much thicker on polyurethane than what was measured on flat 
silicon wafers. The observed differences are attributed to several factors: the influence of 
the PAA deposition on the deposited multilayers, the effects of the different coating 
procedures for 2D and 3D substrates, and the chemical nature of the substrates 
themselves. Thickness of a deposited multilayer containing weak polyelectrolytes is 
strongly dependent upon the degree of ionization and conformation of both absorbed 
polymer and that of the previous layer.156 When PAA-coated PU surfaces are immersed 
into PEI solutions at pH 10, there is an increase in surface charge density. It is well 
documented that PEI chains diffuse into deposited PAA layers when both polymers have 
a low degree of ionization.275 The PAA surface treatment step added to the foam coating 
procedure not only enhances adhesion between the polyurethane and subsequent layers, 
it promotes thick PEI deposition. The observed surface roughness is attributed to the 
rigorous coating process (involving full compression of the foam and multiple wringing 
steps). The complex, porous structure of the polyurethane hinders thorough rinsing, 
where weakly bound polyelectrolytes and clay become trapped within the matrix, 
contributing to thicker deposition and rougher deposited layers. 
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Figure 4.4. SEM images of freeze-fractured polyurethane foam coated with 1 BL of a-b) 
polymer/VMT and d-e) polymer/MMT. TEM micrographs of polyurethane foam coated 
with 1 BL of c) polymer/VMT and f) polymer/MMT. 
 
 
 
4.3.2 Butane Torch Testing 
Nanobrick walls (i.e., polymer/clay LbL thin films) composed of either MMT or 
VMT bricks were deposited on open-celled, flexible foam to evaluate the influence of 
nanoplatelet composition and aspect ratio on thermal stability. Nanocoating weight gain 
was determined by dividing the difference in weight of the foam before and after the 
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coating was applied by the original weight of the PU. Foam flammability was 
qualitatively screened by applying a butane torch to one side of a (5 x 5 x 2.54 cm) foam 
sample suspended in the air on a metal grating. Immediately upon contact with the 
flame, polyurethane melts away and the cellular structure is completely lost, forming 
liquid tar that melt drips and ignites paper placed directly below the grating.  
All nanocoatings eliminated melt dripping. The flame from the butane torch 
burrowed a hole in both clay systems at 1 and 2 BL, while the 4 BL MMT-based coating 
fully maintained the foam’s cellular structure and shape. Figure 4.5 shows images of 
foam coated with both nanobrick wall thin films before (top row) and after torch testing 
(2nd row: top-down, 3rd row: torch side, 4th row: bottom, 5th row: cross-section). As a 
function of layers deposited, VMT-based coatings protected the underlying polyurethane 
better than MMT, with 2 BL VMT providing enough thermal shielding that undamaged 
foam was preserved under a thick char layer. When fire behavior is qualitatively 
compared as a function of nanocoating weight addition, 4 BL MMT-coated samples 
(~3.3 wt%) left more pristine foam remaining after torch testing than 1 BL VMT-coated 
samples (~3.2 wt%). Pyrolysis molecules and heat have more gaps to breach and 
permeate through single BL MMT-based nanobrick walls because the bricks are an order 
of magnitude smaller. The additional polymer/clay layers necessary to normalize weight 
gain adds multiple MMT platelets with each additional BL. It is possible these additional 
layers not only significantly increase the thermal stability of the MMT-based nanobrick 
walls but also increase the tortuous path for combustion products to escape and feed the 
flame. 
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Figure 4.5. Images of nanobrick wall coated polyurethane before (top row) and after 10 
s of direct exposure to a flame from a butane torch. 
 
 
 
4.3.3 Cone Calorimetry and Thermal Analysis of Fire Behavior 
In an effort to quantitatively evaluate the thermal barrier properties of these 
polymer/clay thin films, control and coated (1, 2, and 4 MMT-BL; 1 and 2 VMT-BL) 
polyurethane foam was tested with standard cone calorimetry (ASTM E-1354-07). All 
samples were exposed to an external heat flux of 35 kW/m2. While samples were 
subjected to this controlled radiant heat, heat and smoke release rates, production of 
toxic gas species, and mass loss data were collected as a function of time with an oxygen 
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sensor, a laser photometer beam, a CO2/CO detection system, and a load cell. Figure 4.6 
shows heat release rate (HRR) and flammability data for six sample sets plotted as a 
function of the number of layers deposited (Figure 4a) and as a function of coating 
weight addition (Figure 4b). Control specimens ignited rapidly, and underwent 
polyurethane’s characteristic two-step combustion process (i.e., thermosetting polymer 
boils, liquefies, and cellular structure collapses releasing large amounts of heat), which 
produces two distinct peak heat release rates (pkHRRs). The first peak is associated with 
the combustion of the isocyanate peak and the second higher peak is associated with the 
combustion of the polyol components.257 As expected, immediately following high 
pkHRR, the remaining combustible material volatilizes and very little residue remains. 
 
 
Figure 4.6. Heat release rate plotted versus time for control foam and foam coated with 
nanobrick wall thin films as a function of a) the number of layers deposited and b) 
coating weight addition. 
 
 
 
The most significant predictor of a fire hazard is heat release rate.256 For both 
clay coating systems, increasing the number of bilayers deposited resulted in greater 
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reductions in peak heat release rate and maximum average rate of heat emission 
(MARHE). pkHRR reports the highest rate of heat release, as determined via oxygen 
consumption calorimetry, and indicates the propensity of the flame to self-propagate 
and/or spread to other materials in the absence of an external heating source. MARHE is 
a fire engineering parameter, defined as the total heat release normalized by time, which 
can be used to rank materials in terms of their ability to spread fire to other objects. In all 
cases, char yield and total heat release (THR) appear to be inversely related (Table 4.1). 
Higher char yield signifies that more of the sample is converted into less flammable 
solid residue, which diminishes the amount of specimen available as fuel. For both clay 
systems, increasing the number of bilayers deposited yielded greater reductions in total 
smoke release, which is noteworthy because deaths related to fire incidents commonly 
result from inhalation of toxic combustion products.276 
 
Table 4.1. Cone calorimeter results for coated and uncoated polyurethane foam.a 
Sample 
[units] 
Wt. Gain 
[%] 
pkHRR
a)
 
[kW m
-2
] 
THR
b)
 
[MJ m
-2
] 
Wt. Lost 
[%] 
TSR
c)
 
[m
2 
m
-2
] 
MARHE
d)
 
[kW m
-2
] 
Control  735 ± 11 19.5 ± 0.2 100 146 ± 4 318 ±  5 
(PEI/MMT)1 1.1 ± 0.2 531 ± 33 18.7 ± 0.6 94 ± 1 157 ± 14 273 ± 16 
(PEI/MMT)2 1.5 ± 0.1 343 ± 15 19.2 ± 0.8 96 ± 1 130 ±  3 207 ±  6 
(PEI/MMT)4 3.3 ± 0.3 298 ±  6  17.2 ± 0.5 92 ± 1   72 ±  7 170 ±  6 
(PEI/VMT)1 3.2 ± 0.2 339 ± 12 17.9 ± 0.6 87 ± 7  101 ± 12 195 ± 11 
(PEI/VMT)2 7.0 ± 0.4 322 ±  7  17.1 ± 0.5 89 ± 1   61 ± 1 178 ±  4 
a pkHRR = peak heat release rate; Total HR = total heat release; Total SR = total smoke 
release; MARHE = maximum average rate of heat emission 
 
After exposure to the cone heater, both 1 and 2 BL MMT-based systems rapidly 
smoked and ignited, but no liquefaction occurred. Surface char that formed from 1 BL 
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MMT samples shrank during burning, leaving a final stiff char of approximately 0.25 
inches thick. Although 2 BL MMT nanocoated samples did not shrink during burning, as 
much as single bilayer MMT systems, the second pkHRR curve shape suggests char 
formed was not sufficient to prevent underlying fuel from being converted into heat. 1 
and 2 BL VMT and 4 BL MMT samples also smoked and ignited quickly after exposure 
to the cone heater, but these nanocoatings rapidly formed a thermally thick residue that 
prevented collapse and flow during burning. For these three systems, the first peak has 
the highest heat release rate, which is why the time from ignition to the pkHRR 
decreases from 40 sec (uncoated, control PU) down to 13 sec (coated PU). Although it is 
meaningful to understand how fast the sample reaches its maximum energy release after 
ignition, all three of these coating systems effectively decrease the flammability of the 
open-celled foam by decreasing the pkHRR and avg HRR by at least 54%. 1 BL VMT 
sufficiently reduced the second pkHRR, but the other two systems (2 BL VMT and 4 BL 
MMT recipes) completely eliminated the peak and greatly extended the time the total 
heat was released. One bilayer MMT-based systems exhibited the highest overall 
flammability, whereas 4 BL MMT had the lowest overall pkHRR value (298 kW/m2) 
and MARHE rating (170 kW/m2) of the systems studied. 
In a direct comparison of polymer/clay thin films at 1 BL, VMT-based coatings 
reduce the pkHRR of polyurethane 36% more than MMT-based coatings (with respect to 
uncoated polyurethane). Although there is only a 6% reduction in pkHRR of 2 BL VMT-
based thin films relative to 2 BL MMT-based films, VMT bilayers suppress the second 
pkHRR and significantly extend the time it takes for total heat to be released. MMT 
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bilayers simply alter the polyurethane decomposition cycle. In addition to having less 
thermally shielding material present in these 1 BL thin films, the average aspect ratio of 
montmorillonite platelets is an order of magnitude smaller than vermiculite, which 
generates more gaps for heat to permeate through and pyrolysis products to propagate 
out of the thin film. Increasing platelet aspect ratio in these thin film assemblies is 
known to impart improved gas barrier.53, 165, 277 When nanocoating weight addition was 
normalized between the two clay systems, both 1 BL VMT and 4 BL MMT based 
coatings had similar HRR curves, whose shape represents the typical thermally thick 
charring sample, but the montmorillonite system has the lowest pkHRR, THR, and TSR. 
Of all polymer/clay systems evaluated with cone calorimetry, the 2 BL VMT-based 
nanocoating has the greatest reduction in smoke release.  
Polymer nanocomposites typically fight fire through the condensed phase 
mechanism, interfering with a polymer’s combustion cycle by forming a thermal shield 
of ceramic armor that prevents melt dripping when a heating source is applied.4 As more 
MMT layers are deposited, the protective nature of the nanobrick wall coating increases 
suggesting the effect of aspect ratio of clay diminishes. TGA analysis reveals this 
thermally shielding residue at 400 °C, 500 °C, and 600 °C is equivalent for both a 1 BL 
VMT coating and 4 BL MMT (see Figure 4.7a, b). It should be noted that the percent 
residue at each of the specified temperatures is greater than the amount of coating 
deposited on the polyurethane, signifying some of the foam has been converted to 
carbonized residue.  
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Figure 4.7. a) Weight loss as a function of temperature in air atmosphere for control 
foam and foam coated with nanobrick wall thin films. b) Percent residue of control and 
coated polyurethane foam samples at 400, 500, and 600 °C. 
 
 
 
Both montmorillonite and vermiculite are 2:1 phyllosilicate minerals (i.e., their 
crystal structures have 1 octahedral hydroxide sheet between 2 tetrahedral silicate sheets) 
and have high cationic exchange capacity.252, 278 Despite their similarity, there are key 
differences between these clays that explain why MMT-based coatings require 4 bilayers 
to match the fire performance of a single polymer/vermiculite bilayer. VMT has an order 
of magnitude larger aspect ratio than MMT and this reduces the number of interfaces 
pyrolysis products can escape through and/or heat can be transferred past the insulating 
barrier. Partial clay exfoliation in solution, which results in platelet stacks depositing in 
the nanocoating, is another parameter that enhances fire retarding performance, as VMT 
itself intumesces.279 Upon the addition of heat, bound water molecules (and possibly 
other combustion gases) expand and thermally exfoliate the vermiculite in the direction 
perpendicular to the platelet’s longest dimension.280 It has been suggested that iron 
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present within vermiculite’s tetrahedral layers could enhance the clay’s thermal stability 
by acting as a radical trap and/or char catalyst site.281-284 
The particular VMT chosen for this study was modified with phosphorous-based 
molecules that are reported to increase thermal stability. It is well known that 
phosphorous compounds (depending on their chemical structure and their interaction 
with polymer and/or added synergists) can interfere in the combustion cycle in both 
vapor and condensed phases by either volatilizing into the gas phase (HPO2•, PO•, PO2•, 
and HPO•)96  and scavenging H• and OH• radicals or decomposing in the condensed 
phase, catalyzing char accumulation on the polymer surface.4, 81, 97 Figure 4.8 shows top-
down and cross-sectional SEM micrographs of both 1 BL nanobrick wall systems and 4 
BL MMT-coated samples after cone calorimetry testing, along with corresponding 
energy-dispersive X-ray spectroscopy (EDX). SEM images highlight how the single 
bilayer MMT-coated foams shrank during burning. It is unlikely that the phosphorous 
played a large role (if any) in enhancing the barrier because the amount of the compound 
in the single bilayer VMT-coated foam was too low to be detected by EDX both prior to 
and after cone calorimetry testing. The residue of VMT-coated samples contained iron 
(in addition to expected carbon, nitrogen, oxygen, magnesium, aluminum, and silicon 
elemental peaks found in both clay sample sets) suggesting this element did participate 
in the condensed phase mechanism. If the metal ions did promote char formation (i.e., 
Lewis acid mechanism),285  reduction of smoke release could also be attributed, in part, 
to the iron. 
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Figure 4.8. a) SEM images of foam coated with a single VMT layer, a single MMT 
layer, and a 4 BL MMT-based coating. The scale bar in the inset is 200 nm. b) EDX 
spectra of nanobrick wall coated foam after cone calorimetry testing. 
 
 
 
4.4 Conclusions 
Flame retardant thin films deposited on open-celled, flexible polyurethane foam, 
using layer-by-layer assembly of polymeric mortar and vermiculite clay platelets, were 
shown to dramatically improve fire performance through the condensed phase 
mechanism. A single bilayer of PEI and formulated-vermiculite clay, which adds only 
3.2 wt% to the foam, successfully prevented formation of a melt pool of burning 
polymer and reduced peak heat release rate and total smoke release by 54% and 31%, 
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respectively. Four polymer/MMT bilayers are needed to surpass the fire protection 
properties of VMT’s single bilayer barrier. These exceptional fire protection properties 
are largely attributed to the self-intumescing and heat-shielding characteristics of this 
high aspect ratio clay. The effect of the added phosphorous on flammability performance 
is negligible. This first ever report of vermiculite in a LbL-constructed nanobrick wall 
for fire protection provides an exciting opportunity for imparting environmentally-
benign anti-flammability to complex polymer substrates. In some instances, just one or 
two bilayers may be necessary to impart adequate protection, making this relatively fast 
and simple. 
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CHAPTER V 
INTUMESCENT NANOCOATING EXTINGUISHES FLAME ON FABRIC USING 
AQUEOUS POLYELECTROLYTE COMPLEX DEPOSITED IN SINGLE STEP* 
 
5.1 Introduction 
Layer-by-layer processing now appears to be a viable method to impart flame 
resistance to textiles, with comparable or improved performance relative to well-
established approaches such as fiber blending, surface treatment, FR additives 
engineered into the backbone of synthetic fibers, and nanocomposite based-coatings.286-
292 Despite being able to use techniques commonly employed in textile processing, layer-
by-layer assembly requires multiple layers to obtain the required amount of intumescent 
coating to produce a thermally insulating, foamed char. Reducing the number of layers 
needed could dramatically lower cost by minimizing processing steps and the time 
necessary to deposit the nanocoating. In this chapter, a two-component, aqueous 
polyelectrolyte complex system is described, which results in a tunable intumescing 
nanocoating in one deposition step. This weak polyelectrolyte complex of 
poly(phosphate sodium salt) and branched polyethylenimine (PEI) is applied by soaking 
a piece of cotton fabric into this ‘OnePot’ mixture. This nickname was adopted in 
reference to the need for only a single solution and a single coating step to produce an  
____________ 
*Reprinted with permission from Cain, A. A.; Murray, S.; Holder, K. M.; Nolen, C. R.; 
Grunlan, J. C., Intumescent Nanocoating Extinguishes Flame on Fabric Using Aqueous 
Polyelectrolyte Complex Deposited in Single Step. Macromolecular Materials and 
Engineering 2014, in press. © 2014WILEY-VCH. 
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effective flame retardant coating. A 10 minute soak produces a 23.0 wt% addition to 
cotton, and this coated fabric self-extinguishes during a vertical burn test and reduces 
heat release by 77.0%. This OnePot concept provides a powerful new framework for 
imparting flame resistance to textiles in an efficient and environmentally-benign manner. 
 
5.2 Experimental 
 
5.2.1 Materials 
Bleached, desized cotton print cloth (i.e., fabric) with an approximate weight of 
100 g/m2 (3 oz/yd2) was purchased from Testfabrics, Inc. (West Pittston, PA). 
Poly(phosphate sodium salt) (crystalline, +200 mesh, 96%) and branched 
polyethylenimine (molecular weight, Mw ~ 25 kg/mol) were used to create the OnePot 
system and were used as received. NaOH (made from sodium hydroxide pellets, 
anhydrous; reagent grade, ≥ 98%) and HCl (ACS reagent, 37%) were used to adjust the 
pH of the deposition solutions. All chemicals were purchased from Sigma-Aldrich 
(Milwaukee, WI). 
 
5.2.2 Microscopic Imaging 
Coated thin films, deposited on cotton substrates, were mounted on aluminum 
imaging stubs and thinly sputter coated with 5 nm of platinum/palladium alloy in 
preparation for surface images that were acquired with a field-emission scanning 
electron microscope (FESEM, Model JSM-7500F, JEOL; Tokyo, Japan). 
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5.2.3 OnePot Deposition 
All individual solutions were prepared with 18.2 MΩ deionized water and were 
rolled overnight to ensure complete dissolution. The pH of 2.0 wt% PSP and 1.0 wt% 
PEI aqueous solutions were altered to 7 using NaOH and HCl, respectively. Cotton 
fabric was coated in a pan large enough for the fabric to lay flat. The OnePot mixture 
was created by pouring 1 kg of prepared PEI solution into the coating basin that already 
contained 1 kg of prepared PSP solution. It should be noted that 2.0 wt% PSP solution is 
clear and 1.0 wt% PEI solution is transparent, with a slight yellow hue. When mixed, the 
solution immediately turns turbid (cloudy white), suggesting that complexation has 
occurred. As soon as PEI is poured into the basin, the timer count for the pot life begins 
from zero. In each case, the solution is 30 min old at the end of soaking. The term ‘soak 
time’ denotes the time that the fabric is in the PSP/PEI mixture. To determine the pot life 
at which the fabric was submerged into the mixture, the reported soak time is subtracted 
from 30 min. After being submerged in pH 2 water for 5 min, the fabric is removed, 
wrung out, stretched over the coating holder, and is put into the OnePot complex at the 
specified time (see Figure 5.1 for soak time diagram). The purpose of the holder is to 
keep the fabric parallel to the coating basin. The 2 kg mixture completely covers the 
submerged fabric. At the conclusion of the soak time, which always occurred when the 
mixture was 30 min old, the fabric was removed, wrung out, and rinsed in deionized 
water. Fabrics were hung to dry in a 70 °C oven for 3 hours and stored in dry box prior 
to further testing.  
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Figure 5.1. a) Time line for OnePot solution life and example immersion times for 
fabrics. b) Schematic of OnePot assembly procedure. c-e) Still shots of the OnePot 
coating process. Upon pouring branched polyethylenimine into poly(phosphate sodium 
salt), a turbid-white solution forms illustrating polyion complexation. Fabrics are 
submerged for various times in the mixture. 
 
 
 
5.2.4 Thermal Stability, Flammability, and Combustibility of Fabric 
Thermal stability of control fabric and OnePot coated cotton samples 
(approximately 30 mg) were evaluated in triplicate using a Q-50 thermogravimetric 
analyzer (TA Instruments, New Castle, DE) under a controlled heating ramp of 20 
°C/min, from ambient temperature up to 600 °C. Coated and control samples were cut 
into 3 x 12 in. strips, and vertically hung in a metal clamp within a model VC-2 vertical 
 
Timer = 20 min, Starting 10 min soak
Timer = 0 min, Pouring PEI into PSP
Timer = 30 min
Solution Pot Life (min)
(a)
(b) (c)
(d) (e)
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flame cabinet (Govmark, Farmingdale, NY). Samples were exposed to a small direct 
flame of a Bunsen burner (situated 40 mm below fabric sample) for 12 sec to measure 
time to ignition, time after-flame and after-glow times. Control cotton and fabric soaked 
for 1, 5, 10, and 15 min were run in triplicate for micro combustion calorimetry testing at 
a 1 °C/sec heating rate, from 150-550 °C, using method A of ASTM D7309 (pyrolysis 
under nitrogen) at the University of Dayton Research Institute. 
 
5.3 Results and Discussion 
 
5.3.1 OnePot Polyelectrolyte Complex Coating 
Complex coacervation occurs when oppositely charged polyelectrolytes are 
drawn toward one another through ionic interaction, in an aqueous environment, and 
agglomerate into a network. This complex formation is governed by a number of 
parameters including polymer concentration, mixing ratio, ionic strength, charge density, 
and composition.293 pH is a key factor that affects the formation and stability of 
polyelectrolyte complexes (PECs), especially in weak polyelectrolyte systems where the 
ionic groups are pH dependent.294-295 When binding between the oppositely charged 
species is moderate, the PECs can agglomerate into soluble complexes, which are  
homogeneous, colloidal systems.294 Turbid systems appear cloudy-white due to liquid-
like polymer-rich and poor phases. Turbidity results when there is a strong interaction 
between polyanion and cation. It is possible to constrain aggregate growth to colloidal 
levels by limiting the number of polyion pairs through control of concentration.296 
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Improved complex stability has been observed when uncomplexed negative charges 
remain, especially in polyelectrolyte systems containing phosphates or polybases.297 As 
the size of the coacervate complex grows, such that the corresponding weight is greater 
than repulsive Coulombic forces, flocculation and macroscopic phase separation occurs. 
Combining a branched polyethylenimine (PEI) solution with that of 
poly(phosphate sodium salt) (PSP) immediately results in turbidity due to the 
spontaneous formation of macroscopic PSP + PEI complexes. This turbid solution 
quickly transitions (< 1 min) from its cloudy appearance to one that is uniformly white, 
suggesting the charged groups in the mixture are kinetically trapped (e.g., more energy is 
necessary for an equilibrium to be reached), as shown in Figure 5.1. Over time, 
macroscopic phase separation slowly develops. A clear, water-like supernatant continues 
to grow as the solution sits. The basin is not agitated during this process in an effort to 
allow diffusion to control the complex formation. When this mixture is vigorously 
stirred, the viscous polymer-rich phase abruptly precipitates to the bottom of the 
container. Due to the varied and irregular structure of the branched PEI (containing an 
assortment of primary, secondary and tertiary amine groups), the configuration of the 
polyelectrolyte complex is not stoichiometrically defined here. Electrostatic attraction 
and entropy drive the PEC formation, and result in the release of sodium counterions 
from PSP in exchange for stronger ionic bonding with protonated amine groups on PEI. 
As the polyelectrolyte complex domains grow, charged sites are neutralized and gravity 
overcomes electrostatic and/or steric stabilization that results in macroscopic phase 
separation.  
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The polyethylenimine/poly(phosphate sodium salt) system has two variables that 
strongly influence its deposition onto a fabric: solution pot life and soak time. Soaking 
fabric in longer standing mixtures allows greater coating pickup to be attained in a 
shorter time due to increasing viscosity. In this study, solution pot life was limited to 30 
min. By submerging fabrics at the latter end of the solution life, the soak time necessary 
to obtain sufficient coating weight gain was reduced. Fabrics were immersed in the 
mixture at 15, 20, 25 and 29 min after the OnePot system was created, which means they 
were soaked in the flame retarding solution for 15, 10, 5 and 1 min, respectively (see 
Figure 5.1 for the submersion time diagram and a sequence of pictures demonstrating the 
coating process). Weight gain of the PSP/PEI complex on the fabric increases linearly as 
a function of soak time, as shown in Figure 5.2. The cotton fabric was presoaked in pH 2 
deionized water to increase the positive surface charge on the cellulose.298 Five swatches 
of fabric (9.5 in. x 16.5 in.) were coated at each soak time, with each piece wide enough 
for two vertical flame test panels (3 in. x 12 in.). Coating weight on fabric increased 
from 2.0 – 35.0 wt% as a function of soak time (1-15 min). The fabric with weight gain 
closest to the median coating addition was chosen for micro combustion calorimetry 
(MCC), scanning electron microscopy (SEM), and thermogravimetric analysis (TGA). 
SEM micrographs of the control and coated fabric, shown in Figure 5.3, illustrate the 
weave structure is maintained, even with 35.0 wt% coating addition. The coating appears 
to adhere conformally around individual fibers, although some fiber bridging is observed 
at higher weight additions. For 1, 5, and 10 min soak times, increased coating weight 
directly corresponds to improved flame retardancy. 
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Figure 5.2. a) PSP/PEI weight gain (average weight of five coated fabrics) as a function 
of soak time. b) Residue remaining after vertical flame testing as a function of PSP/PEI 
weight gain (expressed as percent of total coated fabric weight). Nine VFT samples are 
plotted for each soak time. 
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Figure 5.3. SEM images of uncoated cotton fabric and fabric soaked in the PSP/PEI 
OnePot solution for 1, 5, 10 and 15 min before (top) and after (bottom) vertical flame 
testing. There is no image for the control fabric after VFT because no material remained 
(i.e., cotton is completely consumed by fire during testing). 
 
 
 
5.3.2 Flame Retardant Behavior of OnePot Nanocoating 
Control fabric and PSP/PEI coated cotton samples were heated from ambient 
temperature up to 600 °C in oxidizing conditions using a thermogravimetric analyzer at a 
controlled heating ramp of 20 °C/min. The decreasing slopes on the overlaid thermal 
curves in Figure 5.4a indicate mass is lost as a function of temperature. In comparison to 
the uncoated cotton, coated fabric exhibits an earlier onset degradation temperature. The 
OnePot nanocoating is designed to alter the combustion cycle of cellulose through the 
condensed phase mechanism, known as intumescence. Since heat initiates this 
phenomenon and transforms the nanocoating into a swollen, insulating barrier, it is 
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expected (and desired)234-235 that the onset degradation temperature of the coated fabric 
occurs prior to that of untreated cotton. At 550 °C, the control fabric is completely 
consumed. Percent residue retained for coated fabrics increases with coating weight, and 
is greater than the amount of FR nanocoating applied (see Figure 5.5). These results 
suggest this combination of intumescent coating and cellulose were converted to a less 
combustible material upon heating. 
 
 
Figure 5.4. a) Weight loss as a function of temperature for uncoated (control) fabric and 
fabric soaked for various times in the PSP/PEI complex, measured in an oxidizing 
atmosphere. b) Images of control and coated fabrics after vertical flame testing. 
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Figure 5.5. Blue striped bars represent the % add-on of coating and grayscale bars 
represent the % residue remaining at 400 ̊C, 500 ̊C, and 600 ̊C (from TGA testing). 
 
 
 
During vertical flame testing (VFT), uncoated cotton ignites, is engulfed in 
flame, and is completely consumed (see post-test image in Figure 4b). Ashes along 
holder edges radiate with afterglow for an average of 21 sec. None of the coated fabrics 
exhibited afterglow when the flame was removed. The % residue of VFT samples (9 per 
soak time) are plotted against % weight gain of the nanocoatings in Figure 2b. Fabric 
soaked for 1 min (2.3 wt% average coating) has 18.5 wt% residue that indicates cotton is 
incorporated into the char. Figure 5.2 also shows that 5 min soaked fabric, with an 
average of 9.6 wt% coating, displays a large standard deviation (~17.7 %) for residue, 
which ranges from 27.4% - 87.7%, suggesting this coating weight is near the threshold 
of passing the standard vertical flame test. Increasing coating weight on fabric 
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corresponds to increasing fire resistance, with maximum benefit occurring with a 10 min 
soak time (~23.6 wt% coating addition). Flames self-extinguished (i.e., fire propagation 
is halted) before the test flame was removed on all 10 and 15 min soaked VFT samples. 
On average, the char lengths for 10 and 15 min soak times are 3.2 ± 1.2 in. and 2.7 ± 0.9 
in., respectively (see images in Figure 5.6). Table 5.1 summarizes coating weight for the 
various samples tested. 
 
 
Figure 5.6. Images of OnePot coated samples following vertical flame testing, for cotton 
fabric soaked in PSP/PEI for a) 10 and b) 15 minutes. 
 
(a) Char lengths post vertical flame testing for 10 min soaked fabric
(b) Char lengths post vertical flame testing for 15 min soaked fabric
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Table 5.1. MCC Results for Uncoated Control and OnePot Coated Cotton Fabric. 
 
 
 
 
Figure 5.3 shows high resolution micrographs of these fabric samples before and 
after vertical flame testing, which provide information about how heat and/or direct 
flame alter the nanocoating. Despite flames propagating up the entire length of OnePot-
coated fabrics with weight addition less than or equal to 11.4 wt%, weave structure is 
maintained for all coated fabrics post burn. Bubbles are present even at the lowest 
evaluated soak time (1 min with ~2.3 wt% coating addition). Post burn images of 10 min 
soaked fabric reveal how the coating intumesces around the fibers to form a protective 
thermal barrier. The weave structure of fabric prepared with 15 min soak times is 
indistinguishable as the excess coating swells, expands, and coalesces over fibers.   
Uncoated cotton and fabric soaked for 1, 5, 10, and 15 min were tested with a 
micro combustion calorimeter to evaluate heat release rates. Flammability describes a 
material’s propensity to ignite and/or combust and is evaluated using ‘reaction-to-fire 
OnePot Wt Gain Char Yield pkHRR pkHRR T Total HR Total HR Reduction
[%] [wt%] [W/g] [ ̊C] [kJ/g] [%]
Control --- 7.0 ± 0.2 --- 279 ± 5.7 383 ± 0.8 12.3 ± 0 ---
1 min soak 2.3 26.5 ± 1.4 --- 231 ± 2.6 324 ± 1.0 5.8 ± 0.1 52.7 ± 1.0
5 min soak 10.3 41.1 ± 1.1 9 ± 0 181 ± 3.5 317 ± 0.6 3.1 ± 0 74.8 ± 0
10 min soak 23.2 45.0 ± 0.7 18 ± 1.2 118 ± 2.9 315 ± 2.0 2.7 ± 0.1 77.8 ± 0.5
15 min soak 35.1 44.3 ± 1.2 22 ± 2.0 120 ± 11.2 315 ± 1.0 2.9 ± 0.1 76.2 ± 0.9
PAAm/PSP Wt Gain Char Yield pkHRR pkHRR T Total HR Total HR Reduction
[%] [wt%] [W g-1] [ ̊C] [kJ/g] [%]
Control --- 9.59 ± 0.61 253 ± 8.2 400 ± 1.3 11.7 ± 0.23 ---
5 BL 1.6 23.83 ± 1.96 146 ± 14.5 306 ± 2.7 5.8 ± 0.4 54.4
10 BL 6.0 31.43 ± 0.06 97 ± 7.1 303 ± 4.7 2.9 ± 0.12 75.2
20 BL 17.5 31.07 ± 0.38 92 ± 16.2 307 ± 4.7 3.8 ± 0.17 67.5
17 ± 2.1 415 ± 1.2
PA/CH Wt Gain Char Yield pkHRR pkHRR T Total HR Total HR Reduction
[pH 4] [%] [wt%] [W/g] [ ̊C] [kJ/g] [%]
Control --- 5.6 ± 0.1 259 ± 6.7 382 ± 2.1 12.0 ± 0.1 ---
32 BL 18.0 42.4 ± 0.3 100 ± 1.8 313 ± 0.8 2.8 ± 0.1 76.7
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tests’ under specific heat fluxes.256 Heat release describes the liberation of heat that is a 
driving force for fire. The rate at which this exothermic chemical reaction is produced is 
defined as the heat release rate (HRR) and is used to predict fire hazards of specific 
materials. Fire spreads across cotton fabric very quickly, largely reducing the wearers 
ability to remove a clothing item before injury occurs.299 Just like with TGA (Figure 4a), 
MCC data reveals that OnePot nanocoatings, regardless of amount, decrease the onset 
degradation temperature of the fabric relative to uncoated cotton. Figure 5.7 shows heat 
release rates as a function of temperature for various cotton samples. Even though the 
ignition temperature is decreased, all coated fabric reduced peak heat release rates and 
total heat release, which suggests disruption and alteration of cellulose’s combustion 
cycle. A 1 min soaked sample, with only 2.3 wt% coating, dramatically reduces the total 
heat release (52.7%) in comparison to uncoated cotton. Reductions in peak and total heat 
release lower the risk of other combustible items being ignited and add time for escape 
from a hazardous situation. Whereas 5 min soaked fabrics (10.3 wt% add-on) reduce 
pkHRR temperatures by 35.0%, 10 min soaked fabrics (23.3 wt% add-on) reduce 
pkHRR more than 57.0%. The extra coating achieved by increasing soak time from 5 to 
10 min yields only nominal increases in char yield (9.5%) and total heat release 
reduction (4.0%), but significantly drops the pkHRR (by an additional 34.8%) down to 
118 W/g. Although 10 and 15 min soak times have the lowest peak heat release rate 
temperatures, a shoulder in the HRR curve can be seen in the temperature range of 250-
300 °C (shown as a second pkHRR in Table 5.1). This shoulder indicates pyrolysis and 
suggests coating and/or cotton is burning. The extra coating addition for 15 min soaked 
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fabric actually results in a slight worsening of overall performance. Fabrics soaked for 5 
min in the OnePot solution yield the best performance in an inert atmosphere when 
evaluations couple processing time and added weight with burn behavior. 
 
 
Figure 5.7. Heat release rate as a function of temperature, measured with a micro 
combustion cone calorimeter, for control and OnePot coated cotton fabric.  
 
 
 
Cotton fabric, as depicted in vertical flame and calorimetry testing, is very 
flammable. Cellulose degrades into a heavy tar in a temperature range of 280-340 °C and 
then further decomposes into combustible volatiles and char.300 Vertical flame tests are 
run in ambient conditions, which allows for organic materials to be oxidized (i.e., 
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oxygen catalyzes cellulose decomposition). Control fabric subjected to MCC testing, 
which is performed in an inert atmosphere, is able to retain an average of 7.0 wt% char 
that is noticeably shrunken. Residues of all fabrics post VFT and MCC testing are shown 
in Figures 5.6 and Figure 5.8 for visual comparison. Coating weight additions up to 23.6 
wt% retain more char (45.0%) and reduce peak heat release rates and total heat release 
by 57.7% and 77.8%, respectively. Upon the application of heat, this intumescent 
coating transforms into a swollen and expanded thermal barrier of 
phosphorocarbonaceous cellular material. Elemental analysis of coated fabric post 
vertical flame testing, confirmed the presence of phosphorous, oxygen, and carbon 
(nitrogen was detected in some areas) in the residues. This protection mechanism 
functions in the condensed phase as it promotes char formation that locks the fuel source 
into a non-pyrolyzable thermal insulation.81 It is believed that the acid source (PSP) 
degrades the carbon donor (PEI and/or cotton) and induces crosslinking. Amine pendant 
groups on polyethylenimine decompose into nitrogen-containing gas and act as the 
blowing agent that foams the forming char.81, 301 Evidence of swelling and foamed char 
is clearly observed in SEM micrographs of coated fabric after vertical flame testing 
(Figure 3). Increases in char yield in MCC testing quantitatively demonstrate 
modification of the cellulose degradation pathway and provide evidence of an enhanced 
thermal barrier upon increasing addition of this nanocoating.  
A comparison of published intumescent nanocoatings on cotton (OnePot, 
PAAm/PSP, and PA/CH) is shown in Table 5.1. Due to differing test temperature ranges 
(150-550 °C, 200-600 °C, 200-700 °C, respectively), char yield between sample sets is 
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not directly comparable. With that said, all of these systems achieve heat release rates 
near zero at high temperature, which validates the comparison of pkHRR and THR 
between the present polyelectrolyte complex (OnePot) and the layer-by-layer coated 
assemblies (PAAm/PSP and PA/CH). Fabrics coated with 20 BL of PAAm/PSP (the first 
all-polymer intumescing system created via LbL) reduced pkHRR to ~92 W/g (63.6% 
reduction) and THR to ~3.8 kJ/g (67.5% reduction) with 17.5 wt% coating. Fabrics 
coated with 32 BL of PA/CH (the first renewable polyelectrolyte intumescing multilayer 
system) are able to achieve similar reduction in pkHRR (~100 W/g, 61.4% reduction) 
and THR (2.8 kJ/g, 76.7% reduction) with ~ 18% coating addition. If coated by hand, it 
would take approximately 68 min to coat 20 BL and 104 min to coat 32 BL using the 
procedure described in these studies. Fabric soaked for 10 min in the OnePot 
polyelectrolyte complex reduces the pkHRR down to 118 W/g (57.7% reduction) and 
THR to 2.7 kJ/g (78.0% reduction) with 23.6 wt% coating addition. 
 
 
Figure 5.8. Char/residue of control and OnePot coated fabric following micro 
combustion calorimetry testing. 
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5.4 Conclusions 
An aqueous polyelectrolyte complex comprised of branched polyethylenimine 
and poly(phosphate sodium salt), was deposited on cotton fabric, in an effort to impart 
flame retardant behavior in a single deposition step. Fabric soaked in this aqueous 
complex for 1, 5, 10, and 15 min generated nanocoatings with average weight additions 
of 2.3, 10.3, 23.2, and 35.1%, respectively. Flame retarding behavior of these OnePot-
treated fabric swatches was evaluated with TGA, VFT, and MCC testing. SEM images 
taken prior to flame testing indicate the polyelectrolyte complex conformally coats 
individual fibers, maintaining the weave structure of the textile, while post-burn images 
confirm the intumescent action of these coatings. Cotton soaked for 1 min obtained a 2.3 
wt% coating addition, which resulted in a 16.7% residue after vertical flame testing and 
a 52.7% reduction in total heat release in comparison to uncoated cotton in MCC. 
Nanocoatings produced from a 10 min immersion result in fabric capable of self-
extinguishing during vertical flame testing. This environmentally-benign PSP/PEI 
complex deposits on fabric in one simple step, to impart exceptional FR performance. 
There is ample opportunity to expand the types of electrolytes and textiles used to 
demonstrate the universality of this approach in future studies. 
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CHAPTER VI 
CONCLUSIONS AND FUTURE WORK 
 
6.1 Flame Retardant Thin Film Assemblies 
It has increasingly become more challenging to develop effective and safe flame 
retarding solutions as industries phase out halogen-containing flame retardants, such as 
decabromodiphenyl ether. The ultimate goal of this dissertation was to explore suitable 
materials to build nanostructured thin films that impart anti-flammable behavior to 
polyurethane foam and cotton fabric. The layer-by-layer assembly technique was used to 
control composition and tune thin film architectures, deposited directly on to complex 
polymeric substrates, to reduce heat and smoke release. Aqueous polyelectrolyte 
coacervation was also explored as a ‘OnePot’ coating technique to deposit an 
intumescing nanocoating around fibers in one quick processing step. This work provides 
unprecedented new approaches for imparting flame resistance using environmentally-
benign components in an efficient manner that minimizes processing steps and the time 
necessary to deposit the nanocoating. 
 
6.1.1 Phosphorous-filled Nanobrick Wall Assemblies 
Intumescing nanobrick wall assemblies comprised of nitrogen and phosphorus-
containing polymers (mortar) and clay platelets (bricks) were deposited on a silicon 
wafer and polyurethane foam using layer-by-layer assembly. When exposed to 10 s of 
direct contact with a butane torch, the coating swells around the polyurethane cell walls 
 97 
 
and smothers the flame. With only 4 TL (~20 nm thick and ~3 wt% added to foam), 
foam samples retain their shape, melt dripping is eliminated, and heat release rate is 
reduced by 54% (compared  to uncoated foam). Not only does this protective coating 
distinguish itself from traditional nanobrick wall films by being comprised of three 
deposited layers (comprised of repeating ‘trilayers’), it also transforms the passive nature 
of the polymeric mortar into an active intumescing polyelectrolyte pair. These results 
demonstrate a viable, non-halogenated and environmentally-benign flame retarding 
solution that combines two flame-retarding mechanisms into a single nanocoating 
system.  
 
6.1.2 Few Clay Layer Nanocoatings  
Nanobrick wall thin films comprised of polymeric mortar and montmorillonite or 
vermiculite clay bricks were deposited as a continuous coating on porous polyurethane 
to investigate the effect of nanoplatelet aspect ratio and elemental composition on 
multilayer growth and structural composition. Clay-filled polymer nanocomposites are 
traditionally condensed phase flame retardants, meaning carbonaceous-silicate char 
forms to insulate the underlying material and slow mass loss rate. When comparing fire 
behavior as a function of layers deposited, superior fire protection of VMT-based thin 
films over MMT-systems is primarily attributed to a higher content of larger aspect ratio 
nanoplatelets. When weight of the nanocoating is normalized, 4BL MMT-based walls 
better suppress peak, total and average heat release rate, and total heat and smoke release 
of control polyurethane relative to a 1 BL VMT-based nanobrick wall. This result 
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suggests that the effect of aspect ratio diminishes as the number of MMT clay platelets 
within the nanocoating increases. A particularly unique aspect of the development of this 
single bilayer flame retarding solution, that cuts peak HRR of polyurethane in half with 
only 3.2% mass addition, is that the number of processing steps to create the halogen-
free, fire protective coating is commercially feasible.  
 
6.1.3 OnePot Intumescent Nanocoating  
Aqueous coacervation was investigated as a single step process to quickly 
deposit flame retardant nanocoatings on textiles. Fabric was soaked in a phosphorous- 
and nitrogen-rich polyelectrolyte complex comprised of PSP and PEI as a function of 
time (1, 5, 10, and 15 min) and solution pot life. Nanocoating weight addition increased 
with increasing time in the ‘OnePot’ flame retarding complex. Upon the application of 
heat, the nanocoating around the fibers intumesces into a multicellular, 
phosphorocarbonaceous heat shield. Micro calorimetry data demonstrates cotton fabric 
soaked for only 1 minute exhibits a 52.7% reduction in total heat release, with only 2.3 
wt% coating added. Flames self-extinguished (i.e., fire propagation is halted) before the 
test flame was removed on all 10 min soaked samples during vertical flame testing. This 
OnePot concept provides an unprecedented new approach for imparting flame resistance 
to textiles using environmentally-benign components in a way that minimizes processing 
steps and the time necessary to deposit the nanocoating.   
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6.2 Future Research Direction 
Chapters III and IV demonstrated thin films uniquely constructed (by changing 
the polymeric mortar chemistry and clay brick type) to work via the condensed phase 
flame retarding mechanism. The flame retardant thin films conformally coated porous 
polyurethane surfaces and trapped polymeric material within a ceramic shell and 
eliminated melt dripping. The ability to impart a similar heat barrier to thermoset fabric, 
which typically has a higher onset degradation temperature than cotton fabric, and 
degrades and melt drips when heated to a critical temperature, could be achieved by 
coating fabrics with a system that intumesces and traps the melting polymer within an 
insulating char. Nanofibrillated cellulose is an interesting building block material that 
could be used to create a self-extinguishing, swollen system from renewable resources. 
Additionally, there is significant interest in carbon-based materials to produce highly 
conductive networks due to the delocalized electrons in sp2 hybridized bonds. 
Understanding how thin, percolated networks could be used as a flame retardant that 
transfers and conducts away heat also needs to be investigated. It would be interesting to 
develop a non-halogenated and environmentally-benign flame retarding solution that 
combines flame retardant and antistatic properties into a single nanocoating system. 
Finally, increasing the durability of these nanocoatings to survive repeated washings 
cycles would improve the prospect of commercialization of these layer-by-layer 
assembled thin films on fabric. These areas of future research are described in more 
detail below.  
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6.2.1 Cationic-nanofibrillated Cellulose/Phosphorous Nanocoatings 
Wood pulp fibers, which are 1-3 mm in length and 10-50 μm in width,302 are an 
important natural resource used in the paper and packaging industries. Recent 
investigations have incorporated these fibers into a composite to enhance mechanical 
properties using low density materials. Cellulose fibers have a multi-level organization 
of microfibrils (structures with dimensions less than 1 μm),303 which can be chemically 
processed and/or mechanically separated down to smaller dimensions (e.g., cellulose 
whiskers, cellulose nanocrystals, nanofibrillated cellulose, etc.). Pairing surface 
functionality with cellulose’s abundance, durability, and good mechanical properties, 
makes this biomass an attractive resource to be incorporated into thin films for a variety 
of applications (e.g., gas barriers, thermo-responsive nanocontainers, and antimicrobial 
multilayers).302, 304 In a future study, the cationic nanofibrillated cellulose (NFC) 
dispersion will be prepared from a slurry of bleached, softwood sulfite dissolving pulp, 
which will be modified with N-(2,3 epoxypropyl)trimethylammonium chloride 
(EPTMAC) (as shown in Figure 6.1), homogenized, and exfoliated into individual 
nanofibrils at the Royal Institute of Technology in Sweden (KTH) by Dr. Lars 
Wagberg’s group. These amine-modified NFC will be paired with poly(phosphate 
sodium salt), and applied on blended polyester/cotton fabric via layer-by-layer assembly. 
Weight gain and fire behavior of the nanocoatings can be evaluated as a function of the 
number of bilayers deposited (from 5-20 BLs). These thin, water-based nanocoatings 
have the potential to protect complex substrates that melt drip when exposed to high heat 
using environmentally-friendly components. 
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Figure 6.1. Schematic of nucleophilic addition of the alkali-activated cellulose hydroxyl 
groups to the epoxy moiety of EPTMAC. 
 
 
 
6.2.2 Pyrene-modified Polyelectrolytes/MWNT Assemblies 
Chapter III and IV demonstrated that LbL assembled polymer-clay thin films, 
deposited along the surface of the substrate, combat fire in the condensed phase.250 In 
this case, the platelets strengthen the fire blocking residue and provide a heat shield.262, 
267 Although concentrating inorganic platelets to the outer surface of polymeric 
substrates significantly reduces heat in cone calorimetry testing,32 when a torch is 
applied, flame propagation is not immediately halted. A flame flashes over the surface 
and burns away polymer mortar in the nanocoating and the underlying substrate until the 
inorganic shield begins reducing heat and suffocates the flame. Several studies have 
reported a decrease in heat release when a small volume fraction of sp2-hybridized 
material is added within the polymer matrix or in a polymer nanocoating.16, 238, 305 
Reductions in flammability are attributed to char reinforcement and reduction in crack 
formation within the char.  With a simple reductive amination reaction, pyrene groups 
can be added to polyethylenimine, as shown in Figure 6.2, to enhance dispersion of 
CNTs (through stronger interaction) and increase char formation during combustion.306-
307 Nanocoating combinations of PEI-pyrene and PAA, in which one, both, or neither of 
the polyion solutions have multi-walled carbon nanotubes (MWNTs) dispersed, could be 
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evaluated with horizontal and vertical flame testing, cone calorimetry, and TGA to 
determine fire behavior, and their effect on heat release, smoke density, and smoke 
toxicity.  
 
 
Figure 6.2. Schematic representation of the synthesis of PEI-pyrene.  
 
 
 
Preliminary data suggests CNT-based assemblies provide superior fire protection 
to polyurethane foam in comparison to MMT-based nanobrick wall thin films. Carbon 
nanotube-containing recipes reduce the pkHRR by at least 67% ± 1.9% and the TSR by 
at least 76% ± 2.2%, relative to uncoated foam. Normalized cone data reveals recipes 
containing carbon nanotubes (PEI-py+MWNT/PAA+MWNT, PEI-py+MWNT/PAA,  
and PEI-py/PAA+MWNT) also have the same performance/g. Normalized data is 
defined as the fire performance quantity (i.e., pkHRR, avg HRR, THR, TSR, and avg. 
Eff Hc) divided by the weight of the individual sample before testing. Further 
flammability testing should be made with PEI-pyrene/PAA+MWNT because it has the 
lowest weight percent addition of the carbon nanotube-containing thin films. These non-
halogenated nanocoatings would be highly marketable if, in addition to effectively 
reducing heat release in cone calorimetry testing, they are able to pass vertical flame 
testing. 
O
H NH
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6.2.3 Wash Durability of Nanocoating on Cotton Fabric 
It was previously discovered that a LbL multilayer of poly(diallyldimethyl 
ammonium chloride) (PDDA) and multi-walled carbon nanotubes stabilized with sodium 
deoxycholate (DOC), deposited on PET film, creates a thin nanocoating with sheet 
resistance of 104 Ω/□  and visible light transmittance of 84%.48 When applied to a 
complex, 3D substrate such as cotton fabric, this conductive nanocoating improves 
conductivity by 5 orders of magnitude relative to uncoated cotton, which is suitable for 
antistatic applications.308 The decrease in sheet resistance indicates that the network 
formed around the individual fibers is at or above the percolation threshold (see 
Appendix A for more details regarding this conductive recipe and an important proof of 
concept for commercial-scale, continuous processing of LbL nanocoatings). In order for 
this nanocoating to be implemented as an antistatic coating, the applied thin film needs 
to be mechanically robust.  
The pyrene-modified polyelectrolyte-MWNT recipe (see Section 6.2.2) as a 
novel flame retardant nanocoating, also forms a conductive network. Unlike the first 
conductive thin film, functional groups (i.e., amine pendant groups on PEI and 
carboxylic acid groups on PAA) present on both the anionic and cationic components 
within this thin film could be crosslinked to create covalent linkages between polymer 
chains, which enhances mechanical robustness.309-310 Schiff base linkages (N=C) 
between uncharged primary amine groups could be created.311 It is also possible to form 
amide bonds between primary amines and carboxyl groups with chemical (i.e., 
carbodiimide chemistry)312 or thermal crosslinking.313 In addition to evaluating the effect 
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of various temperatures or the chemical crosslinking agent type, exposure time, and 
concentration of the crosslinking agent need to be considered. One method to evaluate 
the durability of the crosslinked coatings is to measure fire performance and electrical 
conductivity before and after being laundered in a washing machine for 5, 10, and 20 
cycles, relative to a set of coated samples that were not crosslinked. Wash durability 
testing can be performed according to American Association of Textile Chemists and 
Colorists, Test Method 124-2006.314 LbL thin films with covalent bonds are more robust 
and less susceptible to being destroyed when exposed to detergent. Clothing that 
provides electrostatic shielding from non-lethal weapons such as Tasers and stun guns, 
and outdoor camping equipment are two distinct applications for which there is 
significant importance for a thin film with both antistatic and anti-flammable properties 
to remain unaffected after washing. 
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APPENDIX A 
LARGE-SCALE CONTINUOUS IMMERSION SYSTEM FOR LAYER-BY-LAYER 
DEPOSITION* 
 
A.1 Introduction 
Layer-by-layer (LbL) assembly is a powerful coating technology that suffers 
from a lack of industrial-scale processing tools. The LbL method is a simple, water-
based technique that deposits various polymers, colloids, and/or molecules as thin films 
with tunable properties.
1-2
 Nanocoatings created in this layered fashion have imparted 
numerous properties such as gas barrier,
3-5
 electrical conductivity,
6-8
 sensing,
9-11
 anti-
reflectivity,
12-15
 antimicrobial,
16-17
 drug delivery,
18-21
 and flame-retardancy.
22-27
 The 
deposition method involves the sequential exposure of a substrate to oppositely charged 
solutions, as illustrated in Figure A.1, and the cycle is repeated until the desired number 
of layers is reached. A single bilayer (BL) refers to a pair of positively and negatively-
charged layers deposited using the LbL technique,
2
 and film growth is typically driven 
by charge overcompensation on the surface of the last layer deposited.
1, 35-37
  
 
 
 
____________ 
*Parts of this chapter are reprinted with permission from Mateos, A. J.; Cain, A. A.; Grunlan, J. C., Large-
Scale Continuous Immersion System for Layer-by-Layer Deposition of Flame Retardant and Conductive 
Nanocoatings on Fabric. Industrial & Engineering Chemistry Research 2014, 53, 6409-6416. © 2013 
American Chemical Society, 
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Figure A.1. Schematic of the layer-by-layer deposition process, where the substrate is 
immersed into polycation, polyanion, and deionized water rinse basins until the desired 
number of bilayers is achieved.  The chemical structures shown above are used to 
produce the flame retardant and conductive behaviors imparted in this study. 
 
 
 
The simplicity of this bottom-up processing technique and the tailorability of the 
thin film are spurring the development of new, and optimization of current, automated 
systems for larger-scale, faster production of reproducible multilayer assemblies. Several 
home-built robotic dipping systems have been designed to simulate the sequential 
adsorption process in an effort to probe fundamental interactions and structure-property 
relationships.
38-40
 Other efforts to simplify and speed up the application of these 
nanocoatings involve the use of spraying as an alternative to dipping (or immersion).
41-44
 
As industrial interest in layer-by-layer assembly continues to increase, improvements to 
software/machine-design are being integrated into new automated systems (for both 
immersion and spray coating systems).
45-49
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 The present study demonstrates a pilot-scale, automated, continuous system as a 
proof of concept for an industrial-scale immersion coating system capable of depositing 
layer-by-layer coatings onto large substrates. In an effort to highlight the versatility of 
this coating system, flame retardant and conductive multilayer recipes were deposited 
onto a model cotton fabric substrate. Fire behavior and antistatic properties were 
evaluated using two different nanocoating recipes. Continuously-coated samples were 
compared to hand-coated samples with regard to microstructure and behavior. These 
comparisons clearly demonstrate that the automated coating system is able to 
reproducibly fabricate thin films with consistent performance. This continuous 
immersion coater is a reliable technique that is expected to move LbL deposition 
towards more widespread commercial usage. 
 
A.2 Experimental 
 
A.2.1 Materials  
Poly(sodium phosphate) (also known as sodium hexametaphosphate; crystalline, 
+200 mesh, 96%), chitosan (MW = 50-190 kDa, 75-85% deacetylated), 
poly(diallyldimethyl ammonium chloride) (MW = 100-200 kg/mol), branched 
polyethylenimine (MW = 25 kg/mol), sodium deoxycholate (≥ 97%), sodium hydroxide 
pellets (anhydrous) (reagent grade, ≥ 98%), and hydrochloric acid (ACS reagent, 37%) 
were purchased from Sigma-Aldrich (Milwaukee, WI). Multi-walled carbon nanotubes 
were obtained from Bayer MaterialScience (12-15 nm outer and 4 nm inner diameter and 
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1+ μm length, C ≥ 95 wt%, Leverkusen, Germany). Bleached, desized cotton print cloth 
(approximately of 3 oz/yd
2
) was purchased from Testfabrics, Inc. (West Pittston, PA) 
and was soaked in pH 2 water immediately before use in an effort to induce a positive 
surface charge.
50
 Large fabric swatches (10 x 180 in.) were coated with the continuous 
dipping system, and bench-scale fabric pieces (11 x 14 in.) were coated using the 
traditional hand dipping method. CH/PSP nanocoatings were deposited on P-doped, 
single-side-polished (100) silicon wafers (University Wafer, South Boston, MA) for 
ellipsometric thickness measurements. 
 
A.2.2. Layer-by-layer (LbL) Deposition 
All solutions were prepared with 18.2 MΩ deionized (DI) water. To improve 
adhesion to cotton, a 1.0 wt% of branched polyethylenimine (BPEI) was used as a 
primer layer for the flame retardant and conductive recipes. The conductive recipe 
consists of a positively-charged, aqueous solution of 0.25 wt% poly(diallyldimethyl 
ammonium chloride) (PDDA),  and a negatively-charged dispersion of 0.05 wt% multi-
walled carbon nanotubes (MWNT) stabilized with 1.0 wt% sodium deoxycholate 
(DOC). Prior to use, anionic solutions were sonicated at 20 W for 1 h, and slowly stirred 
for 0.5 h,
51
 while cationic solutions were rolled for a minimum of 12 h to ensure full 
dissolution. The flame retardant recipe consists of 0.5 wt% positively-charged chitosan 
(CH) and 2.0 wt% negatively-charged poly(sodium phosphate) (PSP). After both 
polyion solutions had rolled for a minimum of 12 h, solution pH was adjusted to 4 prior 
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to deposition. Figure A.1 shows the chemical structures of deposition materials used in 
this study. 
The automated system applies layer-by-layer nanocoatings by exposing sections 
of the fabric to deposition materials in a continuous, closed-loop fashion (Figure A.1). 
At each stage of the process, portions of the cotton fabric are submerged within the two 
polyelectrolyte solutions and two rinse stations. Each section of fabric is initially 
immersed in the cationic solution, and then passed from a water basin to an anionic 
solution, and finally to another water basin. A nip-roll technique was used to remove 
excess solution after each deposition. The coating machine continuously feeds the 
substrate through the looped system until the desired number of bilayers are applied. 
Deposition time is equal to the time in which each portion of the fabric is immersed. The 
stepper motor was used to set the immersion at 78 sec (0.093 in/sec). In order to directly 
compare microstructure and nanocoating properties, cotton fabric was also coated by 
hand with the same deposition time. All coated samples were dried in a 70 C oven to 
remove moisture prior to evaluation and characterization.  
 
A.2.3 Nanocoating Characterization 
CH/PSP thickness was measured using an alpha-SE Ellipsometer (J. A. Woollam 
Co., Inc., Lincoln, NE). Surface images of uncoated and coated fabric were obtained 
using a JEOL JSM-6400 (JEOL Ltd., Tokyo, Japan). All samples were coated with 5 nm 
of platinum/palladium prior to imaging to reduce charging. 
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Thermal stability of uncoated fabric and CH/PSP-coated fabric was evaluated 
with vertical flame testing (VFT), according to ASTM D6413. Fabric samples were cut 
to size (3 x 12 in. strips), placed inside an automated vertical flammability cabinet 
(model VC-2; Govmark, Farmingdale, NY), and subjected to the direct flame of a 
Bunsen burner for 12 sec. The top of the main valve was situated 0.75 in. below each 
fabric sample. The term ‘after flame’ refers to the duration of time the flame persists on 
the cotton fabric after 12 sec. Hand-coated fabric samples were evaluated by vertical 
flame testing in triplicate. Two VFT samples were cut from four evenly spread sections 
along the length of the machine-coated fabric to assess the consistency of the 
nanocoating produced by the loop coater (i.e., fire behavior of eight 3 x 12 in. strips of 
continuously-coated fabric was evaluated using vertical flame testing).  
A Signatone Pro4 four-point probe system (Gilroy, CA) with 0.4 mm probe tip 
diameter and 1.0 mm tip spacing was used to measure the sheet resistance of coated 
fabric. A LabVIEW program with SCB-68 shield I/O connector block (National 
Instruments Inc., Austin, TX) was connected to an Agilent E3644A DC power supply 
(Santa Clara, CA) and a Keithley digital multimeter (Cleveland, OH), which enabled the 
conductivity measurements. The selection process for machine coated sections to be 
analyzed was identical to that used for flammability analysis. The reported conductivity 
is an average of 10 sheet resistance measurements taken per sample, (five measurements 
per side). A SRM-110 surface resistivity meter (Pinion Products Corporation Inc., Los 
Fresnos, TX) was used for uncoated cotton due to its high resistivity (10
11
 /□). 
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A.3. Results and Discussion 
A.3.1 Continuous Layer-by-layer Coating System 
Figure A.2a shows a schematic of the continuous immersion system developed to 
provide proof of concept for commercial-scale, continuous processing of nanocoatings 
deposited in a layer-by-layer fashion. The structural skeleton, constructed from t-slotted 
aluminum beams purchased from 80/20 Inc. (Columbia City, IN), provides the 
framework for a four-tiered system (e.g., ‘electronics’, ‘excess removal’, ‘main’, and 
‘ground’). The main houses 4 acrylic troughs (Figure A.2e), which were custom-made to 
minimize the amount of solution and water necessary for each experiment. The level 
above main (i.e., excess removal) supports the rollers (manufactured by Mid South 
Roller, Arlington, TX) that guide the substrate through the continuous coating system 
and remove excess material from the fabric after immersion in acrylic troughs. One  
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roller additionally functions as an adjustable tensioner for the closed loop system (Figure 
A.2c), while another is coupled with the NEMA 34 stepper motor, with a holding torque 
of 8.9 lb-ft and 1.8 resolution (purchased from National Instruments, Austin, TX). The 
stepper motor is located on the electronics level at the top of the coating system (Figure 
A.2d), which is controlled with a LabVIEW 2012 program to coordinate the substrate's 
position. In an effort to avoid polyelectrolyte contamination and reduce corrosion, 
hypalon and nylon parts were chosen for components immersed in water. Squeegee 
stations and water baths remove excess solution from the substrate after being dipped in 
either of the polyelectrolyte mixtures. A squeegee station consists of two spring-loaded 
rollers exerting pressure on the substrate, similar to a nip-roll, while the substrate passes 
between them. After being dipped into polyelectrolyte solutions, the fabric passes 
through a water bath and another squeegee station to remove excess material from the 
substrate. 
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Figure A.2. Solidworks schematic and images of the continuous immersion system, with 
key components emphasized. (a) The four levels (electronics, excess removal, main, and 
ground) are noted in the isometric view (right). (b) Image of the actual pilot coater and 
pictures highlighting (c) the tensioner, (d) stepper motor and guide roller, and (e) 
solution trough. (f) Image of fabric being coated with the [PDDA/DOC-MWNT] 
antistatic recipe. 
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In an effort to maintain continuous motion and uniform deposition time over the 
length of the substrate, a section of the substrate is forfeited to allow for solution 
replenishing during the continuous process. PVC ball valves, and tubing purchased from 
U.S. Plastics Corp. (Lima, OH), connect the troughs to waste tanks resting at the ground 
level. One 17-gallon tank supplies water to the solution troughs and a similar tank is 
used to collect waste water. Two 5-gallon tanks are used to separately collect positively 
and negatively-charged solutions. A 13.8 VDC pump, purchased from McMaster-Carr 
(Chicago, IL), is used to transfer waste from these tanks.  
 
A.3.2 Flame Retardant Fabric 
Figure A.3a shows the growth of the CH/PSP multilayer thin film (measured 
with ellipsometry) as a function of the number of bilayers deposited. Alternate 
adsorption of chitosan and poly(sodium phosphate) solutions yields a flame resistant  
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nanocoating whose growth is characterized by both supralinear (1-16 BL) and linear (20-
32 BL) regimes. Some researchers attribute the nonlinear portion, during initial layers, to 
island growth.
52
 20 and 30 BL of this multilayer system were applied to cotton fabric 
with the automated, continuous immersion system to evaluate the fire behavior of the 
nanocoating. These results were compared to nanocoatings created by traditional hand-
coating methods to evaluate the efficacy of the pilot-scale coating system. Coating 
weight addition was determined by weighing the cotton before and after the thin film 
was applied. Residual weight after flame testing was similarly calculated. Weight 
measurements and flame test results are reported as a percentage of the original sample 
mass in Table A.1. Percentages for hand-coated fabric reflect the average flame test 
results for three vertical flame test pieces, while percentages for machine-coated fabric 
reflect the average flame test results for 8 vertical flame test pieces (2 VFT evaluations 
on 4 different sections of the 14 foot fabric). 
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Figure A.3. (a) Ellipsometric thickness as a function of CH-PSP bilayers deposited on a 
silicon wafer. (b) Char length is plotted as a function of weight percent residue for 30 BL 
CH/PSP applied with the continuous coating system and by hand. The point where the 
dashed lines converge represents average values for both systems, and the inset images 
display the appearance of coated samples post flame testing. 
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Table A.1. Flame test results of CH/PSP coated fabric. 
*The value represents 5 VFT samples. The average ‘After Flame’ time for the other 3 samples is 16.6 ± 
11.5 sec.   
 
 
 
Both application methods result in similar weight addition for both 20 and 30 BL 
depositions (Table A.1). Control and coated fabric swatches are directly subjected to a 
Bunsen burner flame for 12 sec, as shown in Figure A.3b. Whereas cotton fabric is 
readily consumed by the flame, and remaining embers glow with heat for ~ 26 sec, LbL 
nanocoatings impart fire resistance to cotton fabric and eliminate after glow. The 
deposition materials used to create these multilayers are designed to reduce flammability 
of the substrates via a condensed phase mechanism called intumescence.
53-55
 Heat 
activates the intumescent nature of the CH/PSP bilayers, transforming the film into a 
swollen, protective barrier that slows down mass transfer into the gas phase. It is 
believed that chitosan (and/or cotton fabric) acts as the carbon source and blowing agent, 
while poly(sodium phosphate) functions as the acid source, which dehydrates the carbon 
sources and creates the phosphorocarbonaceous heat shield that thermally insulates the 
underlying substrate.
53
 The SEM micrographs in Figure A.4 show the transformation of 
the coating due to the application of heat (during vertical flame testing). The bubbling 
 
Sample Wt Gain Wt Residue Time to Ignition After Flame After Glow 
 (%) (%) (sec) (sec) (sec) 
uncoated fabric - 2.9 ± 0.5 0.8 ± 0.3 6.5 ± 1.7 25.9 ± 3.7 
20 BL  machine-coated 17.8 38.1 ± 7.2 0.9 ± 0.3 7.6 ± 3.4 0 
20 BL hand-coated 15.8 60.4 ± 11.4 0.9 ± 0.2 3.5 ± 3.3 0 
30 BL machine-coated 33.7 79.0 ± 20.1 1.5 ± 0.6   0* 0 
30 BL hand-coated 35.9 96.3 ± 0.7 0.8 ± 0.1 0  0 
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observed on the postburn fabric is evidence of the intumescent flame retarding 
mechanism.  
 
 
Figure A.4. SEM images of the coating morphology of CH/PSP coated fabric before 
(top row) and after (bottom row) flame testing. 
 
 
 
Post vertical flame results of both application methods indicate 20 BL coatings 
do not provide enough of the deposited materials to effectively prevent flame spread 
(Table A.1). 30 BL nanocoatings applied with both application methods rendered fabric 
samples that self-extinguished during vertical flame testing. A coating weight addition of 
35.9% was achieved with the hand-coating technique, and resulted in an average weight 
residue of 96.3% and an average char length of 3.5 inches after VFT. Flames self-
extinguished on all 3 samples prior to the Bunsen burner flame being removed. Cotton 
fabric coated with the continuous immersion coating system gained 33.7 wt% coating 
addition. Flames on 5 out of the 8 VFT samples extinguished prior to the removal of the 
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Bunsen burner flame, yielding an average weight residue and char length of 90.8% and 
7.2 inches, respectively. The other 3 VFT samples yielded an average residue and char 
length of 59.3% and 10.8 inches, respectively. Figure A.3b plots the residual weight left 
after each VFT as a function of char length for both machine and hand-coated fabric 
samples to better illustrate the performance of nanocoatings along the large substrate. 
The inset images display how samples look like after vertical flame testing, and the 
dashed lines represent the average value of each axis of the plot.  
The slight variation in fire behavior is attributed to the difference in nanocoating 
morphologies created by each technique. The SEM micrographs of the coated fabric in 
Figure A.4 (before vertical flame testing) reveal that traditionally applied LbL coatings 
appear to deposit around cotton fibers while thin films applied by the continuous coating 
system appear to deposit the polyions on top of the fabric weave. If the majority of this 
applied nanocoating coalesced into a skin-like top coating, heat would more easily 
penetrate to the underlying cotton fabric through cracks in this thickly deposited thin 
film. In order to promote conformal coating of ‘thickly growing systems’, more 
aggressive rinsing stations should be incorporated into future designs and squeegee 
stations could be modified with texturized wringers. These adjustments may better 
imitate how excess material is removed from fabric when coated by hand (fabric coated 
by hand is wrung out prior to being submerged into the next solution). Although this 
comparison yields valuable information regarding this intumescent nanocoating, the 
focus of this study is to highlight the continuous coating system’s ability to quickly 
produce multilayer nanocoatings that yield consistent results. All sections of the fabric 
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(10 x 180 in.) coated by the large-scale system exhibited very similar flammability 
characteristics for both 20 and 30 BL nanocoatings, which suggest that the automated 
system produces consistent coatings. Furthermore, this system outputs a 12-fold increase 
in quantity over the hand coating technique, produced by a single person.  
 
A.3.3. Conductive Fabric 
A second multilayer system, composed of poly(diallyldimethylammonium 
chloride) and multi-walled carbon nanotubes stabilized with sodium deoxycholate, was 
deposited to impart antistatic behavior to cotton fabric and to demonstrate the versatility 
of the continuous coating system. Similar systems, one containing single-walled carbon 
nanotubes with the same 1:20 (CNT:stabilizer) ratio,
56
 and another with a 1:40 
(CNT:stabilizer) ratio,
57
 both grew linearly when deposited on silicon wafers. Five 
bilayers of [PDDA/DOC-MWNT] were deposited onto the fabric, which has an intrinsic 
sheet resistance of 10
11
 /□. Machine-coated fabric and swatches coated by hand exhibit 
average sheet resistances of 1.4 x 10
6
 /□ and 8.1 x 104 /□, respectively, as shown in 
Figure A.5a. The reported conductivity is an average of 10 sheet resistance 
measurements taken per sample (five measurements per side). This nanocoating 
improves the conductivity by 5 orders of magnitude, producing a surface resistivity 
adequate for antistatic applications.
58
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Figure A.5. (a) Sheet resistance of 5 [PDDA/DOC-MWNT] BL machine and hand-
coated fabric. (b) SEM micrographs of continuously-coated fabric at low and high (inset) 
magnification. 
 
 
 
The conductive fabric was imaged with SEM to better understand the 
morphology of the [PDDA/DOC-MWNT] layers (Figure A.5). The significant decrease 
in sheet resistance imparted by the 5 BL MWNT-based nanocoating, suggests that the 
loading of conductive material is at, or above, the percolation threshold.
59
 These 
micrographs show that the conductive network forms around the weave structure. Inter-
fiber linkages are present within this conformal nanocoating. Electrical conductivity of 
this thin film can easily be tuned by altering the number of bilayers deposited or varying 
the building blocks (e.g., the type of carbon nanotubes selected, sonication and 
exfoliation, surfactant type, etc.).
57
 These thin films assembled with PDDA and DOC-
stabilized MWNT further demonstrate the versatility of the continuous coating system.  
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A.4 Conclusions 
A continuous immersion system, capable of efficiently depositing multilayer 
nanocoatings on a large scale was built and analyzed using various deposition recipes. 
The uniformity and physical properties of the coating system’s fabric were directly 
compared to conventional bench-scale samples prepared by hand. CH/PSP multilayers 
were deposited on cotton fabric to impart flame retardant properties, while 
[PDDA/DOC-MWNT] bilayers were deposited on the same type of fabric to impart 
electrical conductivity (i.e., sheet resistance of 1.4 x 10
6
 /□). The coating system 
provides an acceleration of the LbL dipping process, while still imparting the desired 
properties of the applied nanocoatings. Further optimization of the continuous coating 
system could include a blade rinsing stage, after dip rinsing stations, and textured rollers 
in the squeegee stations to more effectively remove excess material from the substrate. 
This large-scale automated immersion device produces effective nanocoatings with 
consistent properties throughout the entire length of the coated fabric. Pairing these 
desired characteristics with the tailorability of the layer-by-layer assembly technique and 
the coater’s potentially high rate of production, provides an excellent proof of concept 
for a commercially viable coating system. 
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